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A Simulator for EUV Lithography Mirrors
Thiago S. Jota

Absiraci— The design of a simulator for EUV lithography
mirrors is presented. A method of computing the expected
value of reflectance and transmittance in stratified absorbing
media with rough interfaces, based on Jay Eastman’s matrix
formalism for scattered fields, was developed. In addition, a proof
of principle experiment confirmed process feasibility for EUV
mirror research at RIT.

Index Terms— EUV lithography, simulation, stratified media.

I. INTRODUCTION

A DEQLJATE EUV source power for high-volume maimfacturing (HVM) remains an unresolved problem with
direct impact on scanner throughput and cost of ownership.
Feasibility demonstrations of the technology are not enough.
unless cost-efficient exposure methods are developed. EUV
patterning of critical layers in 22 nm SRAM cells has been
recently reported by IMEC Ill, one of the two unique recip
ients of the ASML EUV alpha demo tool, shown in Fig. I.
These systems, which operate at the wavelength of 13.5 nm,
can deliver only about 5 wafers per hour (wph) for a 120
W source, It is estimated that HVM operations at 100 wph
will require 200-25() W. However, according to the ITRS,
obtaining a source power beyond 180 W at intermediate focus
is a “difficult challenge” 121.

Improvement of the economic prospect of EUV lithography
may be attained by also directing efforts to the study of’ power
transfer efficiency for every component that interacts with
the beam. The goal was to describe by statistical means the
reflectance and transmittance in an arbitrary absorbing stack,
containing non-ideal interfaces, as illustrated in Fig. 2. The
objective was to apply a generalized form of Jay Eastman’s
formalism for scattered fields and obtain the expected value of
those radiometric quantities. The possibility of transmittance
simulation is included to allow use in other applications.

II. STRATIFIED ABSORBING MEDIA wim ROUGH

INTER FACES

This is a theoretical extension to the pioneer work of Jay
Eastman [31. My contribution is Eq. 11—14, a method of
computing the expected value of reflectance R. and transmit
tance T. Expansion of those metrics into their fundamental
components reveals a common pattern, color-coded in Eqs. 8—
10. The generalized expression in Eq. 11 was differentiated
until the pattern in Eq. 12 was identified. With this knowledge,
it is possible to write a simulator that computes E [1?] and
E (7’] for arbitrary interface profiles and any precision.
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Fig. I: EUV alpha demo tool (courtesy of ASML).
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Fig. 2: Obliquely incident, diffusely reflected, and diffusely
transmitted radiation. The incident medium must be trans
parent, whereas the stack and the substrate can be absorbing
materials. Note: a = 1 — 6 and c~ = ~3 for EUV ,\. The reader
is directed to http://henke.lhl.gov/ for optical constants.

The electric field amplitude is obtained with Eq. 1.
Note that >‘i,’ and f, are the Fresnel coefficients, ~ =

— ih.(~. ~) (‘OS iI~~ ± (711 — COS 1)1. and ~i =

(~ t — ii >) cos * (iii — ill1) cos t9j. The partial
derivative of Eq. 1 with respect to the interface profile f~ and
evaluated at 0 is given by Eq. 6. It is used to compute expected
values in Eq. 13 and 14, following the algorithm in Eq. 12, an
implicit form of the n-th derivative. The procedure is iterated
to deliver an arbitrary series precision.

[~~ 0)

~ f1 —

- t—1~

~ —ik)~’J’ — — ~i~is~
1 —

E(1~)

t9i

ni

C”

E(’T)

4-.
n8 — iic~

ik~i~f~ ik~f~

—

?k~ f~ —

1 —

(2)

t [1 ii~
= ~ i (3)



30

(~)o~t~( = ~ .~.k) .o 1(j)~k)

lii)) ortill
Ii or I n

1 or

Ihi ku

21)11 ih)~go 14 Jo ~;—~ [~;;~~i j

(ik~1) -~ i~

I p

(h) Add a thin film.

(7)

(4)
I) o

1 (o — i~ ) I ~ ) (5)

(0)

L =~.(I’i) ..
((4)

(;~)“ —~ (~>~)‘ _________________

p
S~(0) =

(5)

0•I ~. coi 4), 1 I H, (‘0’ 0, ‘1
- ~ =~ : (9)

~ (l~ (‘OS 4) ) I, 7(~ (‘OS 4), ) ,~—

-‘

I r~ cost), ) I 0 cosO, ) ______ ______‘T1 ~ >1-1- _,4R< (10)
I n cos 4) ) I, H 005 0 j

(4
Ill)

(12)

= fl(0) + ~ ~ ~ ~i~j ~
E [~T(f1 )~ = T(0) + > > ~c1’;] U4

~)f1 ~1 = () —

Ill. MATLAB GUI: A WALKTHROUGH

The main GUIs are shown in Fig. 3. This design allows the
setup of’ complex stacks within minutes.
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(e) Program the interfaces.

Fig. 3: Core GUIs.

IV. PRooF OF PRINCIPLE EXPERIMENT

A sample, consisting of two bilayers of Mo and Si on
a Si substrate, was prepared. The target thicknesses were
25.5 A and 43 A, respectively. They were based on a well-
known design from Lawrence Livermore National Laboratory,
containing 40 hilayers [4j. Thus, the purpose of this exper
iment was to acquire hands—on experience in manufacturing
techniques that pertain to EUV mirrors, rather than developing
a novel mirror design. It is very difficult to thermally evaporate
Mo. due to the fact that ii is a refractory material. The
method of choice was c—beam evaporation (instead of DC
magnetron sputtering, reported by LLNL). It was assumed that
thickness monitoring performed with the aid of a quartz-crystal
oscillator was sufficient for this experiment, but it turned out
not to he the case. Due to the dimensions of the layers. in-
house characterization was not possible. With the assistance
of Micron Technology and IBM. high-resolution transmission
electron microscopy (HRTEM) and x-ray reflectomeiry (XRR)
were performed.
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(a) Illumination, multilayer stack, and substrate setup.
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V. Rt~suLTs AND ANALYSIS

Fig. 4 shows the XRR model against experimental data
(intensity vs. ~/2O). A reasonable agreement was initially
assumed. However, the thickness obtained for the topmost
silicon layer was very small compared to the target thickness.
Further verification required HRTEM imagery, displayed in
Fig. 5. Significant thickness discrepancy was then confirmed,
and the native oxide was also detected. A comparison is shown
in Table 1.

w/20

Fig. 4: XRR of two hilayers of Mo and Si on a silicon substrate
(courtesy of IBM).

Fig. 5: I-IRTEM of two bilayers of Mo and Si on Si (courtesy
of Micron Technology).

Thickness Inmi

Stack Target XRR HRTEM
Si 4.3 1.0 7.0

Mo 2.55 3.0 4.!
Si 4.3 5.4 5.5

Mo 2.55 3.0 4.3
Native Oxide 0 (1.0 1.3
Si Substrate ao o~ ~x

There is an apparent need for thickness monitoring revision
at the CHA c-beam evaporator. Either the quartz crystal has
to he replaced or the tooling factor needs to he adjusted. In
spite of the discrepancies observed, feasibility of the process
has been demonstrated.

Finally, a sample simulation in Fig. 6 demonstrates the
potential of the method presented here. The assumptions were
based on the reported mirror quality.

Fig. 6: Simulation assumes a variance of ~ = 0.001 [niii2]

for all interfaces. Conditions: unpolarized illumination, t); =

5 ~ = 43.4 A, and ~ = 25.5 A, The reference matched
is 141.

in practice, all interfaces will he different. Measurements
that characterize each interface allow the calculation of’ a
confidence interval for the interface profile variance, which
is one of the inputs of the GUI.

Vi. Cor~ci~usior’~

A method of computing the expected value of reflectance
and transmittance in stratified absorbing media with rough
intethtces was introduced, and a simulator for EUV lithog
raphy mirrors was validated. Process feasibility for further
research at RIT was confirmed, hut calibration of the c-beam
evaporation system is required.
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