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Particle formation is a major problem in extreme ultraviolet masks, and one source of these

particles has been identified to be the targets used to produce the mask surfaces. In particular, the

silicon (Si) and ruthenium (Ru) target appear to produce more particles, especially silicon. The

evidence of this is seen as a rough region on the edges of the silicon target. The features in the

region were found to be triangular mesas pointing in the direction of the incident beam. The aim of

this research is to prevent the mesa formation features on the target and thus reduce particle

formation on the target. Both Si and Ru targets were sputtered using different ion beam conditions

to understand the mesa formation mechanisms on the target and explore the ion beam conditions

that can mitigate mesas. A simple 2D Monte-Carlo computer model (Illinois surface analysis

model) was used to understand the formation of mesas with different incident angles of ion beam

(0�, 35�, 54�, 75�) that agrees with the shapes of mesas seen in the experiments. Additionally, SRIM

was used to calculate sputtering yields to better understand the different mechanisms between Si

and Ru. It is concluded from both experiment and calculation results that an effective way to stop

mesas formation is to have a sample oscillating between 0� and the desired angle during sputtering.
VC 2013 American Vacuum Society. [http://dx.doi.org/10.1116/1.4788670]

I. INTRODUCTION

A. Background

Multilayer masks are key elements in the extreme ultra-

violet (EUV) lithography process in the production of the

next generation of microprocessors. They have high normal

incidence reflectivity in the EUV spectral range and are the

focusing and imaging components in EUV lithography.1–5 A

critical area in the production of these masks is the detection

and reduction of defects on these masks6 which can affect

the whole production process. Particles are the largest source

of defects in the production of these masks and originate

from the targets that are used to sputter the different multi-

layers onto the mask substrate. In EUV lithography mask

blank production, MoSi multilayers are deposited on top of a

low thermal expansion material glass using an ion deposition

technique. A 2.5-nm-thick Ru cap layer is deposited on top

of the multilayer film to protect the multilayer film from ex-

posure to harsh conditions during mask manufacturing.7 In

this ion deposition process, one source of particles is the sili-

con and ruthenium targets used to sputter material onto the

multilayers. An example of a defect in the multilayer is

shown in Fig. 1(a). In Fig. 1(b), energy dispersive x ray

(EDX) and diffraction analysis of the particles show that the

defect is primarily crystalline Si that originated from the

target. It was observed that the periphery of the silicon target

was rough and starting place of micron-scale mesas was on

the surface. These features have been reported in the past by

Tsong and Barber8 who found hillock-like features on a

silica glass surface due to argon bombardment and these fea-

tures have also been described by Cong-Xin et al.9 There are

also a lot of groups working on pattern formation on surfaces

by ion beam sputtering. Frost and Ziberi10,11 studied the evo-

lution of the surface topography of Si and Ge surfaces during

low-energy ion-beam erosion. Gago et al.12 reported that

crystalline dots are produced on a Si (100) surface by low

energy Arþ ion bombardment at normal incidence. Exten-

sive progress has been made by Chan and Chason13,14 in

understanding the relationship among different kinetic

regimes of sputter-induced pattern formation on surfaces. In

this paper, the formation of mesas on both Si and Ru target

surfaces during ion beam sputtering at different incident

angles is analyzed experimentally as well as theoretically.

Finally, a special design for mitigating formation of the

mesas was included.

B. Formation of particle

Figure 2 shows scanning electron microscopy (SEM) of

the observed hillocks on a silicon sample used in mask pro-

duction by SEMATECH and also observed at the University

of Illinois. The mesas have a few distinct features that are of

interest. One is that the trailing edge of the mesa spreads outa)Electronic mail: yuheuiuc@gmail.com
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in a fan shape in the direction of the beam. This fan shape

has an origin where there possibly was a seeding feature on

the surface. The leading edge which is exposed to the beam

has a steep gradient. The difference in sputtering rate will

eventually erode the surface while leaving the defect as a

mesa that breaks off and runs to the substrate, finally makes

the defect in the multilayers. Modeling shows that the sput-

tering yield at elevated angles is significantly higher than the

yield at normal incidence. The edges of the rising mesa are

sputtered away more slowly than the surrounding plane,

making the mesa appear to be growing. The angular width of

the mesa is determined by the angular spread of the ion

beam. If that spread is large (as it is in the middle of the sput-

tered target), the feature will not appear, since ions coming

from a variety of angles means that the difference in sputter-

ing yield versus angle at a particular spot is significant. As is

shown in Fig. 2(d), “L” is the length of the mesa. The size of

the mesa depends on the beam angle. The larger the angle,

the bigger L would be.

II. EXPERIMENT

The broad area ion-gun tool (BAIT) is used for the study

of the surfaces. It consists of a vacuum chamber with a sam-

ple stand that is able to vary its angle from 0� to 90�. The

sample stand can hold the target sample at one angle or vary

the angle continuously between two angles for a defined

time, for example, it can hold the sample at 0� for 5 s then at

54� for 5 s then back to 0� for 5 s, etc., for a set period of

time. A VECCO 03FC ion gun with an Ion Tech., Inc. MPS-

3000 FC controller produces an argon ion beam that is inci-

dent on the target surface. The beam can have an energy up

to E¼ 1200 eV, but typical operating energy in this study is

E< 600 eV since the ion beam at Sematech is run at

600 eV.9 The angle of incidence used is h¼ 54� since this is

the angle that is used at Sematech as well. Every sample has

been exposed to different angle beam for the same time pe-

riod (6 h).

A. Si

Figure 3 shows SEM images of samples taken from a sili-

con target. The samples were not polished, as shown in Fig.

3(a). Note the general shape of the mesas in Figs. 3(b)–3(d).

They begin at a single point where the initial surface features

occur and then fan out. Even though the ion beam is incident

at an angle, h, to the surface normal, which causes the sput-

tering, it still can have an angular spread around the starting

point, which results in the fan shape. Several angles were

used on crystalline Si samples to study formation of these

features. The first angle studied, 35�, produced mesas that

were between 2 and 5 lm wide, as shown in Fig. 3(b). Using

a 54� incident angle beam produced mesas all over the sur-

face. As shown in Fig. 3(c), the mesas are around 8–9 lm

wide and 11–12 lm long. If the beam angle is increased to

75�, the mesas became larger, 10 lm wide and 16 lm long,

as seen in Fig. 3(d). Clearly, the general shape and size of

the mesas is dependent on the angle. The larger the angle,

the longer the features and the sharper the leading edge is.

B. Ru

Figure 4(a) shows an unpolished Ru sample surface with

some Si impurities. When a 35� beam was used to sputter

the surface, mesa features became apparent. This is shown in

Fig. 4(b). However, these features were not found in the

other area, suggesting that the mesas originate from a Si im-

purity. When the beam angle is increased from 35� to 54�,
many more mesas were formed. Compared with Si, the Ru

mesas are around only 100 nm long. Besides, Y(h, E)/Y(0, E)

is the proportion of sputtering yield at h angle and sputtering

yield at normal incidence. This value shows how easy it is

for mesas to form on the target during sputtering. For Ru,

54� has much higher Y(h, E)/Y(0, E) values, which can easily

FIG. 1. (Color online) TEM (a) and EDX (b) analysis of a multilayer with Si defects (provided by SEMATECH).

FIG. 2. (Color online) Process of mesa formation. Blue arrows indicate the

direction of the beam. L is the length of “mesa.” (a) Some initial imperfection

on the surface. (b) The planar has been eroded, but the side of the feature fac-

ing the beam is not eroded as quickly, and the side being shadowed is not

reduced at all. (c) A status before final shape has been formed (d) a mesa has

risen out of the material with a trailing edge parallel to the beam direction.
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form these mesas predicted through theoretical analysis

(shown in theoretical analysis section). At 75�, the number

of mesas is not so high as at 54�.

C. Mitigating formation of mesas

From the previous study, we notice that these mesas can

be reduced by reducing the beam angle. When 0� incident

angle was used for the beam to clean the Si surface for 6 h,

an interesting feature was found. The surface is basically

smooth, devoid of any mesas but there is an occasional

“spike,” as shown in Fig. 5(a). It represents an intermediate

phase in the mesas being sputtered away. This spike shape

mesa was also predicted by our 2D Monte-Carlo computer

modeling that will be shown in the theoretical analysis

section.

In lieu of the data in Sec. II B, it can be seen that the best

way to remove the mesas would be by having the surface

vary between two incident angles. Figure 6 is the time series

used to remove the mesa features. One of these angles needs

to be at 0� or as close to it. The surface would initially be

used at the desired angle and then be exposed to a beam that

is normal to the surface, ensuring that the mesas are sput-

tered away.

A special design was explored by having the Si surface

exposed to an incident beam of 0� and 54� every 5–6 s. The Si

sample was sputtered for 6 h. It showed that the surface was

cleaned of the majority of surface roughness, shown in Fig. 7.

The features seen in Fig. 3 are not present. There are still few

features present and these would need more time to be sput-

tered away. However, this shows that an effective way without

too much modification to the system to stop particle formation

is to have a sample oscillating between 0� and the desired

angle. It is important to note that the piece of mesa on the tar-

get will break off instead of going to the substrate in one piece.

So our method does not reduce the defects size on the masks.

It will reduce the chance of defects happening however.

III. THEORETICAL ANALYSIS

A. Sputtering yields

A stopping range of ions in matter (SRIM) code15–17 is

used to determine the sputtering yield, Y. This is a well-

developed code that is readily available and is based on the

TRIM code. SRIM is used to find the sputtering yields of an

argon ion incident on a silicon surface for different incident

angles and ion energies. In Fig. 8, sputtering yield was

FIG. 3. (Color online) SEM images of samples (100, 20, and 5 lm resolution) taken from sintered silicon target produced by the BAIT. The arrow indicates the

direction of the beam. (a) Unsputtered sintered Si surface. (b) Beam conditions were E¼ 600 eV, h¼ 35� exposed for t¼ 6 h. (c) Beam conditions were

E¼ 600 eV, h¼ 54� exposed for t¼ 6 h. (d) Beam conditions were E¼ 600 eV, h¼ 75� exposed for t¼ 6 h. The arrow indicates the direction of the beam.
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calculated for silicon and ruthenium using angles from 0� to

90� and beam energies from 50 to 1200 eV.

The sputtering yield of Si and Ru bombarded with argon

are shown in the Figs. 8(a) and 8(b), respectively. The maxi-

mum sputtering yield for Si is at 75�, with a yield of Y¼ 4.5

atoms/ion at an energy of 1.2 keV. The difference in sputter-

ing yield between 0� and peak (75�) is about 4.0, which is

very high. Compared with Si, Ru has much more uniform

sputtering yield value. It seems that the maximum sputtering

yield for Ru is not 75�, but 55�–65�, depending on the energy.

In Figs. 8(c) and 8(d), the parameter of Y(h, E)/Y(0, E) shows

how easy it is for mesas to form on the target during sputter-

ing. The higher this value, the easier features form which

could lead to particle formation. Because in Si this parameter

has a much higher value, more particles originate from the Si

target than the Ru; this is also the reason why the size of

mesas on the Si target is much bigger than the ones on the Ru

target in the experiment.

FIG. 4. (Color online) SEM images of samples taken from Ru target produced by the BAIT. The arrow indicates the direction of the beam. (a) Unsputtered Ru

target surface. (b) Beam conditions were E¼ 600 eV, h¼ 35� exposed for t¼ 6 h. (c) Beam conditions were E¼ 600 eV, h¼ 54� exposed for t¼ 6 h. (d) Beam

conditions were E¼ 600 eV, h¼ 75� exposed for t¼ 6 h.

FIG. 5. Surface feature at 0� incident. (a) A spike feature which is an inter-

mediate step in the particle being sputtered away and (b) the smooth surface

that is obtained from exposure to a 0� incidence beam for 6 h. FIG. 6. Time series used to remove the mesas.
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For Si, the maximum value of Y(h, E)/Y(0, E) is at 75�.
However, the maximum of this parameter for the Ru target is

at 54� instead of at 75� when the beam energy is 600 eV

(beam condition in the experiment). From SEM images,the

54� beam can produce mesas more easily on Ru surface.

Additionally, for Si, the beam energy does not impact particle

formation. Particle formation is related to the mesa formation

but may not competely depend on the formation dynamics

alone. Since Si is a single crystal, the features that do form

are still quite connected to the surface. For Ru, the material is

polycrystalline, so when the sizes of the mesas are very small,

and the surroundings are sputtered down below a grain bound-

ary, the particle could detach. These yields are used in the fol-

lowing 2D Monte-Carlo modeling.

B. 2D Monte-Carlo computer model

The Illinois surface analysis model (iSAM) is a Monte-

Carlo based Ray Tracing computer model that has been writ-

ten to help understanding in the growth of the mesas. The

sputtering yield we simulated previously was used to calcu-

late the sputtered layer with different incident angle at differ-

ent position on the target. The modeling shows that the

mesas have a level of shielding, which forms a ramp on the

trailing edge of the mesas at the angle of the incident beam.

At 35�, we see the structures where there is the sharp leading

edge as well as a sharp trailing edge, shown in Fig. 9(a). At

54�, Fig. 9(b) shows the pronounced steep leading edge that

is facing the direction the ion beam is coming from, but the

trailing edge of the beam is rounded. At 75�, the mesa fea-

tures are even rounder. The shadowing effect of the initial

feature is very pronounced and the trailing edge is quite

elongated and at the angle of the ion beam. It shows the lead-

ing edge is not as steep as in the previous angles due to the

sputtering being a lot less at the local angle than it would

have been at the other angles. By growing in size, the mesas

also started to overlap with each other and all of these simu-

lation results are seen quite vividly in experiments of Si sam-

ples. Finally, we simulated the mesa formation at 0�. Fig.

9(d) shows an intermediate step where a spire is produced

from a surface feature. This was seen experimentally as

FIG. 7. SEM of a sample that has been run alternating between 0� and 54�

for 6 h. There are still two larger features that would need more time to also

be removed. The arrow indicates the beam direction.

FIG. 8. Calculation results of SRIM software. Note different verticle scales. The differential sputtering yield of Si is much more pronounced than that of Ru. (a)

Calculation of Ar on Si sputtering yield vs energy and angle. (b) Calculation of Ar on Ru sputtering yield vs energy and angle. (c) Calculation of Y(h, E)/Y(0,
E) of Si vs energy. (d) Calculation of Y(h, E)/Y(0, E) of Ru vs energy.
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shown in Fig. 5 and validates the spire like surface seen in

the simulation.

IV. CONCLUSION

Mesas have been observed on targets used in the produc-

tion of EUV masks. These eventually can form particles that

are sputtered off the target surface and land on the mask sub-

strate surface and can form imperfection in the mask. Mesa

formation seen on the surface of both Si targets and Ru tar-

gets was analyzed experimentally as well as theoretically

and simulated using a Monte-Carlo program (iSAM).

Experiment of both Si and Ru targets sputtered by angles of

0�, 35�, 54�, 75� has been done. SRIM was used to calculate

the sputtering yields for Si and Ru to better understand the

mechanisms behind the sputtering and mesa formation.

Moreover, a simple Monte-Carlo computer model has been

written to help understand the growth of the mesas. The

Monte-Carlo simulation agrees with the general shape of the

mesas with different angles, indicating that their mechanism

of formation is correct.

The formation of mesas largely depends on the angle at

which the ion beam is incident on the surface. At 35�, few

particles are likely to be formed. Beyond about 35�, surface

features start to form that eventually lead to particles on the Si

target. As the angle increased, more particles are formed. It is

observed that mesas are longer and originate from a sharper

point before melding into the surface. In the calculation sec-

tion, the parameter of Y(h, E)/Y(0, E) was calculated by SRIM.

This value shows how easy it is for mesas to form on the tar-

get during sputtering. This value is increased by increasing

the angle of the beam. That is why more mesas are formed

when we increased angle in the experiment. For Ru, many

mesas are grown from Si impurities when the surface is sput-

tered by a 35� beam. However, these features are not found in

other areas. This agrees with the calculation results as well.

Because in Si Y(h, E)/Y(0, E) has a much higher value, more

particles originate from the Si target than the Ru. Furthmore

for Ru, when the angle is increased from 35� to 54�, the value

of Y(h, E)/Y(0, E) is going up. In the experiment, when the

beam angle is increased to 54�, many small (i.e., 100 nm

long) mesas are produced. Finally, we came to the conclusion

from both experiment and calculation results that an effective

way to stop mesas formation is to have a sample oscillating

between 0� and the desired angle. Modeling and experiments

have shown that this is an effective way to stop the mesa fea-

tures from forming and thus any precursor for a particle that

can become a contaminant on the mask.
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