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ABSTRACT

In this study, the design and characteristics of Mo/Si multilayers for extreme
ultra-violet (EUV) lithegraphy have been investigated: The reflectance of the
quarter-wavelength multilayers can-be enhanced further by optimized procedures with
which the layer thicknesses are varied for.best performance. For commercial EUV
lithographic systems multilayer mirrors and masks require with higher reflectance and better
stability. Interface-engineered Mo/Si multilayers with 72.62% reflectance and a FWHM of
0.828 nm at 13.5-nm wavelength have been developed and simulated. The design was
achieved with 54 pairs-of Ru/Mo/B4C/Si multilayer. This structure consist of alternating Mo
and Si layers separated by thin boron carbide (B;C) and ruthenium (Ru) layers. Ru barrier
layer was inserted into a Mo-on-Si interface and B4C barrier layer was inserted into a
Si-on-Mo interface to improve the EUV reflective multilayer properties. About 4 %
improvement of the reflectance at 13.5-nm wavelength compared to standard quarter-wave
stacks can be acquired by the design. The best results according to simulation were obtained
with 1.4-nm-thick Ru layers for the Mo-on-Si interfaces and 0.2-nm-thick B4C layers for the
Si-on-Mo interfaces. The contaminations of optical surfaces by photon irradiation in the
presence shorten optics lifetime become one of the main concerns. From simulation results,
the most promising candidate seems to be Ru. The improvement in oxidation resistance of
EUV multilayers has been achieved with Ru -capped interface-engineered Mo/Si
multilayers. This structure achieves high reflectance and the great oxidation resistance
during the EUV exposure in a water-vapor (oxidized) environment. Based on simulation
results, we calculated reflectance for the reflective multilayer mirrors in a EUVL procedure
and concluded that Ru-capped Ru/Mo/B4C/S1 multilayers have a higher performance than
quarter-wave Mo/Si multilayers. The simulation results clearly show reflectance

improvement of our designed structure compared with standard Mo/Si multilayer structures.
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Chapter 1

Introduction

1.1 The Evolution of Lithography

The fast development.in manufacturing technology of integrated circuits has followed
the Moore’s law for years; and the number of transistors on a chip has grown doubling
on the average of every 18 months exponentially. The role of lithography has been more
important not only because of the requirements for smaller feature sizes and tighter
overlay, but also because of the increasing costs of lithography tools [1].

The fundamental relationship in lithographic imaging system is resolution which can
be described
Resolution = k3 \/NA (1.1)

where k; is constant, \ is the wavelength of the imaging radiation, and NA is the numer-
ical aperture of the imaging system.

Therefore, when IC feature size shrank, the indusry used the expose source from g-
line (436 nm), ultraviolet (365 nm), 248-nm KrF, to 193-nm ArF by excimer lasers in
lithography technology [2]. In the 193-nm stage, even the multiple patterns where used
to achieve the 22-nm pitch. Regardless of what method, high throughput and low cost
of ownership must be satisfied [3], [4]. The following will list some methods for the next
generation lithography (NGL), and several unique challenges also would be introduced.

Figure 1-1 shows the equipment of the imprint lithography. The pattern is created on
a template made of glass. Then a template is pressed on the coating resist to transfer the

pattern. Exposing with an ultraviolet light, let the photoresist react and form a pattern.



To reduce the linewidth, the 1X mask should be smaller; moreover, defects in the pattern
must be below 10% of the width of the feature. And the resist should be with a lower
viscosity for sufficient throughput. In addition, the production costs include the template
life time and imprint material cannot be too high.

Electron beam lithography is a kind of maskless lithography, and Figure 1-2 shows
the equipment set-up of e-beam lithography system [5]. Electron beam method is used to
create patterns on a wafer directly and a smaller beam source could achieve a smaller line
width. Maskless lithography eliminates the problems of mask lifetime and mask defect.
Although there is no mask cost in direct-writing lithography, e-beam lithography need
overcome the major challenge is the wafer throughput. Multiple-beam direct writing is
developed for improving throughput, and the system combining with the resist sensitivity
may provide a higher resolution. Besides, another problem in e-beam lithography is the
inaccuracies on the wafer due to the charging effect.

One of the earliest. and most important decisions made in the field of EUVL was
the choice of the exposure wavelength:™ That influenced the design of the projection
optics, set the peak reflectance and bandwidth of the multilayer reflective coatings, and
had an impact on the performance of EUV materials. Figure.1-3 shows the equipment
set-up of EUV lithography [6]. ~The wavelength in this region is shorter than other
exposure sources in lithography, which wiil be absorbed. in most materials, and thus all
equipment should be enclosed in a high vacuum environment. Furthermore, to avoid EUV
absorption, optics and mask in the system are reflective and defect-free by multilayer-
coating mirrors, i.e., the quarter-wave Bragg reflectors. Then higher image contrast is one
of advantages of EUVL, which means that masks will not require the expensive optical
proximity correction (OPC) and phase shifting. Although the cost of ownership (CoO)
of EUVL is lower than other methods, there are still many problems to be solved such
as the source efficiency, the mirror reflectance, the incident angle, and the thickness of

the multilayer.



1.2 Extreme Ultra-Violet Lithography

At normal incidence, no material provides more than about 1% reflectance in the EUV
spectral region at wavelengths below 30 nm, because the index of refraction of all ma-
terials in this region is approaching unity. The original idea to use soft x-rays in the
4 nm to 40 nm wavelength range is during the 1980s [7] - [10]. In 1972, E. Spiller of
IBM showed that multilayer structures composed of thin layers of materials that have
widely different EUV absorption values can lead to constructive interference and there-
fore enhanced reflectance. In 1985, T. Barbee , S. Mrowka, and M. Hettrick changed the
multilayer structure by molybdenum-silicon (Mo/Si) instead of tungsten-carbon (W/C)
around 20-nm wavelength. Replacing new material coated on the wafer got a better
reflectance [11]. In 1988, A. Hawryluk and L. Seppala of Lawrence Livermore National
Laboratory (LLNL) invented two-mirror system..In 1989, A. Hawryluk, N. Ceglio, and
D. Gaines changed thedight source to 13-nm wavelength; besides, they changed the mask
and the wafer from the concave spherical shape to the flat shape. In 1990, the group at
AT&T tried to apply the laser technology to lithography. The second stage of EUVL
development is focusing on the lager image fileds and smaller wavefront errors. The team
of AT&T published the light source from the soft x-ray projection to the extreme ultra-
violet. Today, ASML published the alpha demo tool and lots.of companies utilized this
machine to fabricate om 45-nm test chip [12].

There are several sources for EUVL, such as synchrotron, discharge-produced plasma
(DPP), and laser-produced plasmas (LPP). Synchrotron source does not need frequently
replace components, but its high cost and large space requirement are big problems. And
another source is LPP produced by very-high-intensity pulsed-laser light and focus onto
a material accompanies high temperature to create plasmas then high-energy photons
are emitted. LPP use different injection laser target such as xenon, lithium, and tin [13],
and usually use noble gas because it is chemically inert [14], [15]. In addition, using noble
gas as the EUV radiation materials can increase the conversion efficiency. Today, tin is a
dominant candidate because its high efficiency to EUV light and good reflectance in the
Mo/Si multilayer. To decrease the cost of ownership for NGL, DPP was developed [16].
In an EUV lithography system, all the lenses are reflective and defect free. The surface
roughness makes a great impact on the image contrast and throughput. Fortunately, the

EUV imaging system consists of fewer lenses than another system. Because of coating



with repeated high-Z (Z is the atomic number) and low-Z materials can achieve a high
reflectance. A pair of multilayer (i.e., Mo/Si) thickness is half the wavelength of the EUV
source. If the reflectance is lower than 70%, the light intensity will be strongly reduced.
In addition, we should reduce the thermal impact on the glass substrate to avoid the
deformation. Lenses should not be compressed to avoid getting defects. The EUV source
such as plasma with a high EUV intensity will destroy the optics. Fortunately, the laser
source is distant from optics that leave the heat to protect from deformation amd extend
the life time of optics. On the other hand, because of the EUV source plasma will produce
erosion of multilayer, it will get much more erosion. In EUV lithography systems, there
are an even number of mirrors. If it is not necessary, there is no need to add optics,
because adding mirrors will decrease the transmission rate of light.

EUVL mask is a blank mask to be pattern..The fundamental properties of the blank
mask are flat, defect-free, and thermal independently. It is important to consider the
thermal problem because the mask absorbs EUV energy which results in the thermal
expansion. The tolerance of critical defect: dimension is aecording to 80% half-pitch
technology node. Now the defect in the multilayer can be removed by focused ion beam
(FIB) [17]. For the mask applications; above the Mo/Si multilayer are the absorber
layer and the anti-reflective coating layer to form the low-reflectance region. Ta-based
materials are good candidate as absorber layer such as TaBN, TaN and TaSi in EUVL
[18], [19]. SiON, SizN, and Al,O3 are used as the anti-reflective coating layer [20], [21].

When the critical dimension (CD) shrink; the line edge roughness (LER) does not
decrease with expected. The CD resolution and line LER are big challenges for the NGL
[22], [23]. Chemically amplified resist (CAR) is used for 193 nm and 248 nm optical
lithography. However, CAR absorbs EUV light which cause the LER and the pattern
collapsed. Thus, poly methyl methacrylate (PMMA) is a better option for an EVL
system. In addition, the pattern collapse depends on the aspect ratio, so we expect that
the aspect ratio will be lager than 3 in usual, but it only achieve 2 or less in practice.
Besides, there are still many challenges such as sensitivity, resolution, out-gassing and
so on. Among these challenges, out-gassing not only pollutes the optics but also shrinks
the lifetime of optics. Even a higher sensitivity resist would generate more byproducts

as well. Recently, resist must be needed to continue to develope.



1.3 Optics of EUVL Systems

Compared to optical systems that operate at visible or near-visible wavelengths, EUVL
error budgets translate into very tight figure specifications for the mirror substrates and
coatings that comprise the EUVL system. The mirror surface roughness in the mid and
high spatial frequency ranges is also a crucial property because it affects the imaging
contrast and throughput of the lithography system. As a result, the pattern and coat-
ings in a production-scale EUVL system must be controlled to the order of subatomic
dimensions. During the past few decades, the requirements imposed on the system wave-
front error, on the mirror figure, and on the reflective properties and thickness control
of EUV multilayer thin films have led to enormous advancements in optical manufactur-
ing and multilayer coating technology. Scientific-areas such as solar physics, astronomy,
x-ray microscopy, and plasma diagnostics that need similar instrumentation technology
have greatly benefited by the improvementsin EUV /x-ray optics. The EUV wavelength
of illumination determinates the use of reflective optical elements as opposed to the re-
fractive lenses usedin conventional lithographic systems. Thus, EUVL tools are based
on all-reflective coneepts: multilayer (ML) coated optics for the illumination and pro-
jection systems, and a ML-coated reflective mask. To achieve the production-quality
lithographic imaging; EUVL systems must -be.very well-corrected for aberrations. In
EUVL, the reflective multilayers are used for applications as masks and as well as mir-
rors in exposure systems: Examples of high reflectance EUV mirrors for near-normal
incidence operation are Mo/Be and Mo/Si multilayer that exhibit high reflectance in the
11.2-12.0 nm and 12.8-14.0 nm spectral regions, respectively [24] - [26]. The motivation
behind this work is the need for optical throughput enhancement which is based on the
reflectance improvement of multilayer structures in an EUV projection lithographic sys-
tem. Furthermore, the ML coatings with normal-incidence experimental reflectance of
70% have been demonstrated in the 11 nm to 14 nm wavelength range.

In this study, we have designed a highly reflective multilayer with interface-engineered
structure, and we also have investigated their characteristics. Here, we organize an out-
line of the thesis as follows. In Chapters 2, the numercial method with the transfer matrix
to perform the analysis of the multilayer structures will be discussed the reflectance for
the multilayer structures could be calculated from the charateristic matrix. In Chapters

3, the basic considerations of the multilayer structures for EUV lithography will be re-



viewed. In Chapter 4, kinds of multilayer structures for EUV lithography system will
be discussed, and the simulation results will be given. It can be seen that the thin-film
optimization techniques are essential for achieving reflectance improvements for the EUV
multilayer structures. The optimization procedures employed in this thesis are an inte-
gral part of the Matlab software. The notation we have adopted to represent a period in
a multicomponent stack is based on the commonly-used two-component stack at 13.5-nm
wavelength, e.g. Mo/Si, where Mo is the low and Si is the high refractive index material.

In Chapter 5, conclusion will be given and future work will be suggested.
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Figure 1-1: Illustration of the imprint lithography process.
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Chapter 2

Analytic Theories and Method

2.1 Introduction

In this chapter, we will review the method of analyzing wave propagation in an optical
thin film. The transfer matrix method [28] is used to perform the analysis of multilayer
structures. In order to analyze electromagnetic field in optical thin films, the polarized
electromagnetic plane waves is applied. Finally, the transmittance and reflectance for
the multilayer can be calculated from the charateristic matrix and observed the wave

propagation behavior.

2.2 Transfer Matrix Method

The mathematical physical principles to rule the electromagnetic problems are the Maxwell’s
equations. For uniform dielectric and non-uniform dielectric, the Maxwell’s equations

(governing the electromagnetic fields) can be expressed in the following form:

v X E= —aa—l:, (2.1)

VAR H:J+%—l;, (2.2)
v D=p, (2.3)

V- B=0, (2.4)
J=0E; D=¢E; B=uH, (2.5)



where p is the charge density, o is the electrical conductivity, € is the permittivity, and u
is the magnetic permeability. By solving the above equation, we can get the plane wave

equation as follow:

V- -D=v- (£)= ey -E+E-ye=0,

g B =—F- Y _E.V(ne),

€

and from equation 7 X Vx E = /(- E) — V?FE, we can get

v (~gut) = V-V o] - VE.

0 1V x H +(Vu) x-H] =V [£E-V (In¢)] — V?E,

—a
OE O*E oH )
ST [MUEJF/“@JF(VM) X E] =V[-E V (lne)] - V°E,

OF PE YV
V2E+V[EV(IHE)] :/,LO'E—FMCW—T X (v X E),

and assume the solution of this equation is & = E (z,y, 2) ¢t then the above equation

could be derived as

V’E+V [E-V(le)] = (ipow— pew’)E=V (Inp) x (v x E)
= =peaw*E =V (Inp) x (V x E),

where
o
R 2.6
€ =€~ i~ (2.6)
We can get the equation of the electric field as
V2E + w?ue.E+VI[E -V (Ine)]+V (Inp) x (Vx E) =0, (2.7)
and the equation of the magnetic field as
V2H + w?ue.H +V[H -V (Inp)] +V(lne.) x (Vx H) =0, (2.8)



and Egs. (2.7) and (2.8) can be simplified as,

V2E + w?pe . E+V [Ez aéne] =0, (2.9)
z
V2H + w?pue.H +V (Ine.) x (V x H) = 0. (2.10)

Figure 2-1 shows a coordinate system,which indicates the light is alone the z-direction.
Relative to this geometry, we distinguished the transverse electric (TE) mode that the
electric field is perpendicular to the direction of propagation and transverse magnetic
(TM) mode that the magnetic field is perpendicular to the direction of propagation. In

the following, we derive the wave equation governing the two mode types.

Figure 2-1: Sketch.of the coordinate system; and the wave axis.is chosen to coincide with
the z-axis.

2.2.1 TE Mode and TM Mode

For the TE mode (also called s-polarization), we have E, = E, = H, = 0. Then from
Egs. (2.9) and (2.10), we obtain the relations:

0? 0?
(502 + ) B e =, 24y
8_2_|_a_2 H. + wue.H —i—glne- ﬁH—gH =0 (2.12)
or?  0z2 v HeeHa 0z or * 9z ") 7 '
2 2

10



For the TM mode (also called p-polarization), we have H, = H, = E, = 0. Similarly to
Egs. (2.9) and (2.10), we obtain the relations:

P P , 0 0H,
4= - = 2.14
(83&2 + 822> H, + w*pe.H, P Inec 5 0, (2.14)
2 , o 0
(@ + @) E.+w M€cEm + a_sza Ine = 0, (215)
2 o ) g 0 o2

2.2.2 Reflection and Transmission Coefficients

For a stack of thin, plane; parallel films of materials covering the surface of a substrate as
shown in Figure 2-2, the refractive-indexs are V; and the layer thicknesses are d;, where
j =1 to m. For discussing easily, we assume that there is only a single thin film layer of
index N between the substrate (interface b) and incident medium (interface a), the whole
dielectric is uniform-and isotropy and the surface is parallel and infinite extensibility as

shown in Figure 2-3.[27]. To the form of the plane wave can be described as

. 2 .2 .
ez[wt—{Nz] o efz%Nz — 6716’
where the phase difference is 6 = 27”]\] d.
Incident
Medium Np
1d. Thin Tilms Nus
: No
: b4
id% N3
d, N2
dl N
Substrate Ne

Figure 2-2: Sketch of the m-layer multilayer structure.
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Nn Aijr E-’[-I Eli

N Thin film a,b

Ng Substrate

Figure 2-3: Sketch of the equivalent admittance of interfaces a and b.

For the normal incidence, the electromagnetic fields £ and H are continuous at the
interfaces, and we can get the relations as follows:

interface b :

Ey, = E} = Ef, + By, (2.17)

Hy=H} ="H,, + Hy,,

or n,Ey, = n,EL =nEY —nEy, (2.18)

interface a :
Bl =BT E, =B E (2.19)
H, = Hy, +Hy, = H{, + H;, = nyEg, =ngFgs, = nEy, — nkqy, (2:20)

where 7,, 1, and 7, are the optical admittance of incident medium, thin films and sub-

strate, respectively. There is a phase difference § between surfaces a and b when the

electric fields across the thin film. So we have the relation
Ef, = Efé?, (2.21)

B, =Epe™. (2.22)

From Egs. (2.17) and (2.18), we can get

12



then

E, = Ef,+E, =FE}e® + Epe™

E, + H, . E, —H, .

Ny + b615+nb b~is
2n 2n

s
— Eycosd + Hy (”m > (2.23)
n

H, = H} +H;, =nE}e® —nEe™
nky + Hbeus Nk, — Hbe—us
2 2

= By, (emsin §) + Hy.cos d. (2.24)

Egs. (2.23) and (2.24) can be written as vector form N/ as

E, cosd  Lgind By
= ’7 : (2.25)
H, insind  cosd H,

and the characteristic matrix of the single film is

cosé Lsind
M = i . (2.26)
i1 Sin 0.+ €cos0

Then from Egs. (2.19) and (2.20), we have the relations

Ea Ha Ea - Ha
E&:LandEO*a:no—.
21 21
Once the charateristic matrix of a multilayer stack is known, one can easily determine

the reflection and transmission coefficients for light incident on the stack. Hence, the

reflection and transmission coefficients are derived as follows, respectively.

By, ngE.—Hy ng—Y

_ _ _ , 2.97

PoEL  mE.+H, no+Y (2:27)
E, 2n,Ep 2770%

T=—=— = - (2.28)

_E(L _770Ea+Ha _770+Y.
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Both sides of Eq. (2.25) are divided by E}, where Y, = g—: which is equal to the admittance

of the substrate (Y;); then rewriting Eq. (2.25), we can obtain

B cosd Lsind 1
= ” , (2.29)

C insind  cosd Y,

where the equivalent admittance Y is %. Then we have

B -C

p= a 21,
nOB—l—C’

d7=—5"%.
nd 7 B4 C

Therefore, we have the reflectance and the transmittance from the above equations as:

B=C\ (nB—-C\"
R Rl [ ) ( 0 ) 2.30
! (noB+C nB+C) "’ ( )
Re(Y,) 5 Ay Re(Y5)
T4 _ _ 2.31
Yo i (neB + O) (n,B +C) ( )

Matrix calculations determine the transmittance and reflectance profile for multilayer
structures on a substrate. Consider a loss free multilayer design; normally incident radia-
tions, and assume that films are optically homogenous. The electric field vector (£,,) and
the magnetic field vector (H,,) at the incident boundary of a film at the boundary by the
product of the following matrices per layer. The matrix is calculated at each boundary
throughout the multilayer as the.magnitude of electric and magnetic field vectors alter
with the properties of the layer {28]. Application of the appropriate boundary conditions
between each layer requires that the tangential components of £ and H vectors are con-
tinuous across each boundary to the equations of wave propagation. The fields at other
interfaces m — 1 are similar to Egs. (2.23) and (2.24) at the same instant of time and a
position with identical x and y coordinates.

And we can obtain the matrix form between the (m — 1)-th layer and m—th layer as

i

E,_1 coS 0, sin d,, E,,

— m

H,,_ M, SN0y, COS Oy, H,,
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Solving the above given expressions, the matrix expression for single layer is:

E i F
G H
where: cosd,, = £ = H, isind,,/n,, = F, in,,sind,, = G.

For a multilayer containing m layers, we have

EO Em Em
— My MyMs - - M, _ ’
H() Hm Hm
where
m m cosd; Lsind;
M=11M;=II K (2.32)
'S =1 inysinoj <cosd;
From Eq. (2.29), is known as the charateristic matrix of the assembly. Then
C
the transmittance and reflectance for the multilayer can be calculated from this product
matrix by :
B~ B — :
R= (% C) (”0 C) : (2.33)
Ny B+ C ) \nyB+C
2 Y,) (BC* + B* 2 4 Y
_ 20, Re(vJ(BO: + B0 L/l Re(y) 250

(neB+C) B+ C)  (BC*+B*C)  AngB+C)(neB+0C)"

Sufficient information is included'in Egs. (2.33) and (2.34) to allow the reflectance and
transmittance of a thin-film assembly to be calculated. The reflectance, transmittance,
and absorptance are then related by R + 7T + A = 1. The solution of this matrix theory
is for multilayer coatings. However, insight into the properties of thin-film assembles
cannot easily be gained simply by feeding the calculations into a computer program, and
insight is necessary if multilayers are to be designed and if their limitations in use are to
be fully understood. An approximate method has also been found useful. Based on the
matrix theory, in this thesis we have developed a program by MATLAB 7.1 to design

and simulate the performance of multilayer coatings.

15



Chapter 3

Multilayer Consideration for EUVL

3.1 Introduction

EUV lithography (EUVL) employs illumination-wavelengths around 13.5 nm, and in
many aspects it is considered an extension of optical lithography, which is used for the
high-volume manufacturing (HVM) of today’s microprocessors. The EUV wavelength
of illumination dictates the use of reflective optical elements (mirrors) as opposed to
the refractive lenses used in conventional lithographic systems. Thus, EUVL tools are
based on all-reflective concepts: multilayer (M) coated optics for the illumination and

projection systems, and a ML-coated reflective mask.

3.2 Basic Principle of Multilayers

The basic principle behind the optical design in multilayer mirror is simple. A multilayer
is an artificial structure with a large number of interfaces. A single interface reflects a
small fraction of an incident beam; however, the reflectance increases dramatically if the
reflected beams from all the interfaces in the multilayer add in phase. The predomi-
nant designs are composed of distributed Bragg condition resembling quarter wavelength
stacks with constant film thicknesses. These reflectance values whilet adequate for optical
systems with a few reflectors will dramatically diminish the output optical intensity to
6-10% directly before the first mirror in a nine-mirror EUV lithographic system. There-
fore, it is evident that even an increase of 1-2% in the peak reflectance of a single mirror

will yield a significant light throughput enhancement in the overall optical system. A
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particular problem in the EUV region is that all useful materials absorb the radiation to
a certain extent. To reduce the effect on the reflectance response of the absorption losses,
the thicknesses of the two components of the stack are adjusted to deviate slightly from
the optical path length of A\/4. The highest reflectance is usually achieved by choosing
materials with the largest difference in refractive indices and extinction coefficients. This
means that one material is more absorbing (as spacer layer) while the other material is
more transparent (as absorber layer) . For the EUV range, the best material pair seems
to be Mo and Si. The thickness of the high absorption layer dj, is set slightly lower
than that of the low absorption layer d, thus the partition ratio I = dy, /(dy, + dj) of the
multilayer is defined. Vinogradov and Zeldovich [29] have calculated I" as a function of
absorption - a value of I' = 0.4 is commonly used. Also, it is well known for general
thin-film mirror designs with absorbing films and for EUV designs, that a gradual varia-
tion of the partition ratie through the stack with [I'= 0.3~ 0.4 at the surface toI' = 0.5
near the substrate can increase the peak reflectance. Such eptimized stacks would yield
significant throughput enhancements in‘a nine-mirror optical system.

Up to date, there are several ways to increase the reflectance for Mo/Si multilayer
which is the most common reflectors in soft x-ray range:

(1) Add some extra materials into the prime stack.

(2) One material with better optical coustants (i.e. less absorption/small k) is sub-
stituted for a material on the fundamental stack.

(3) Using some optimized algorithms-to-calculate the optimum partition ratio I of
each pair, and its thickness of each pair‘in the multilayer.

(4) Using a capping layer which is inactivate to the thin film layer can avoid the
surface oxidation that led to the reduction of reflectance in multilayers.

Once Spiller [24] showed that quarter-wave stacks of absorbing materials can be used
effectively as optics in the EUV and soft x-ray regions. In the approximation, the highest
reflectance is achieved with a material pair that has a minimum absorption and a max-
imum difference in the refractive indices among the constituent materials. The theory
of quasi-quarter-wave MLs predicts enhanced EUV reflectance at 13.5 nm based on the
use of thin films of several materials with the largest possible refractive index differences.
However, such MLs have often performed better only in theory. Other factors, such as the

roughness, interdiffusion, chemical reactivity, and lifetime stability of the layer interfaces,
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also play the important roles in the ML film performance. The enhanced reflectance was
demonstrated and studied in MLs with diffusion barrier layers, whose primary function
was to suppress interdiffusion. Reflectance can also be optimized by varying the layer
thickness ratio of the individual materials. If MLs must be thermal or radiation stable,
the design requires the use of refractive materials such as oxides, carbides, silicides, and
alloys, or the introduction of barrier layers that are deposited on interfaces to reduce
the interdiffusion due to elevated temperatures. High-resolution MLs can be achieved
by selecting materials with a certain ratio of optical constants, by optimization of layer
thickness and of the number of bilayers, and by using higher-reflectance orders from ML

structures. A wide spectral bandwidth requires a periodic ML design.

3.3 Choice of Multilayer Materials and Wavelength

Considerations

Methods for transmission mode-x-ray analysis of a sample by means of apparatuses
comprising an x-ray radiation source that provides x-ray radiation for irradiating the
sample and a detector for detecting x-ray radiation transmitted through by the sample.
Figure 3-1 shows a schematic with the intensity I, of incident x-ray and the intensity I;

of being transmitted through by the sample.

NN

o

R
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h 4

A 4

e

.

s

dx

Figure 3-1: Schematic with the intensity [ of incident x-ray and the intensity I; of being
transmitted through by the sample.
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A narrow parallel monochromatic x-ray beam of intensity I, passing through a sample

of thickness dx will get a reduced intensity I; according to the expression:

dly = —Iy(z) -n-o-dx, (3.1)

where dI; is the change in intensity, [, is the initial intensity, n is the number of
atoms/cm?, o is a proportionality constant that reflects the total probability of a photon
being scattered or absorbed and dzx is the incremental thickness of material transversed.

When this equation is integrated, it becomes:

Iy = Iyexp(—nozx), (3.2)

The number of atoms/cm?® (n) and the proportionality constant (o) are usually combined

to yield the linear attenuation coefficient (u). Therefore the equation becomes:

Iy = Iy exp(—px): (3.3)

where [ is the intensity of photons transmitted across some distance x, [, is the initial
intensity of photons, s is the linear attenuation coefficient, and x is distance traveled.

The linear attenuation coefficient (u) describes the fraction of a beam of x-rays or
gamma rays that is absorbed or scattered per unit thickness of the absorber. This value
basically accounts for the number of atoms in a cubic cm volume of material and the
probability of a photon being scattered or absorbed from the nucleus or an electron of
one of these atoms. Using the transmitted intensity equation above, linear attenuation
coefficients can be used to make a number of calculations. These include:

(1) the intensity of the energy transmitted through a material when the incident x-ray
intensity, the material and the material thickness are known.

(2) the intensity of the incident x-ray energy when the transmitted x-ray intensity,
material, and material thickness are known.

(3) the thickness of the material when the incident and transmitted intensity, and the
material are known.

(4) the material can be determined from the value of ;1 when the incident and trans-

mitted intensity, and the material thickness are known.
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Figure 3-2 is an illustration of linear attenuation coefficient (1) versus wavelength (\)
and we can find that p is as a function of A\ for every material; however, the extinction
coefficient k& (the imaginary part of refractive index) is proportional to the linear atten-
uation coefficient p in accordance with Eq. (3.5). The refractive index is complex, the
extinction coeflicient introduces a decrease of the amplitude of the waves passing through

the material and phase changes between the incident and successively reflected waves.

N=1-6—1i8=n—1k,

where 1 — § (n) is the real part of refractive index and /5 (k) is the imaginary part of

refractive index. And more specifically definitions are

A 2\ AL
0= re%NanO and [ = re%NanO = (3.4)
2\
= TeA_muflO’ (3.5)

where 7, is classical electron radius, /V, is the Avogadro’s number, m, is the atomic mass
unit, and f and f9 are the anomalous dispersion correction factors. And the detail datas

above see Appendix.
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Figure 3-2: Schematic progression of the linear absorption coefficient of wavelength.
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Hence, we regard the figure as a relation chart of extinction coefficient and wavelength
underlying the x-ray spectrum. At certain energies where the absorption increases dras-
tically, and gives rise to an absorption edge. Each such edge occurs when the energy of
the incident photons is just sufficient to cause excitation of a core electron of the absorb-
ing atom to a continuum state, i.e. to produce a photoelectron. Thus, the energies of
the absorbed radiation at these edges correspond to the binding energies of electrons in
the K, L, M, etc, shells of the absorbing elements. See Figure 3-3, the absorption edges
are labelled in the order of increasing energy, K, Li, Ly, Ly, My, ...... , corresponding
to the excitation of an electron from the 1s (%s, ,), 2s (%s,,), 2p (*p,,), 2p (*p,,); 38
(%s, 1»)s - orbitals (states), respectively. In other words, the absorption effect of mate-
rials would apparently lower and its the key to choose what kind of reflector would be in

each spetrum.

Edge K Lj Ly Lyy

A A A A
Continuum

2
L o— Pl/2

2
M . Py,
& S 1

Bohr Atomic Model

— 2 S 1

Figure 3-3: The left side is a simplified illustration of Bohr atomic model and the right
side is a comparison of continuum level versus absorption edge overplotted.

We called a light element as spacer (i.e. silicon) that absorbs light only weakly, and a
heavy element as absober (i.e. molybdenum) that absorbs light very strongly. However,
the reason should be considered is not only the extinction coefficient but easily form an
stable and/or sharp interface with other element. At present, the materials of silicon (Si),

beryllium (Be), boron (B) and carbon (C) are commonly used for spacer layer. And the
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combination of spacer layer is called absorber layer, as well as the extinction coefficient
is much larger than spacer layer. To choose those materials have large difference of
extinction coefficient but small one is to avoid the incident light would be absorbed
completely, thus the reflectanec can not be improved. Figure 3-4 [30] is all different
types of general x-ray reflectors with its suitable energy (wavelength). The illumination
wavelength of 13.5 nm was chosen for EUV lithography based on the early development
and good performance of molybdenum-silicon MLs in this wavelength region. Mo/Si
still remains the most extensively investigated and best understood ML material pair to
date, and 13.5 nm is in the wavelength region just longer than the Ly 3 absorption edge
of Si (12.4 nm), where Mo/Si achieves its best reflective performance. In addition, the
first available sources for EUVL were LPP sources, with good conversion efficiency in this
wavelength region. Even though the-output of the LPP source at 13.5 nm was lower than
at 11 nm, the natural width of the Bragg peak of a Mo/Si ML at 13.5 nm is broader than
the peak width of a Be-based MIi-at 11 nm. Hence, the overall integrated reflectance is
comparable at bothill-nm and 13.5-nm wavelengths. The broader peak width at 13.5
nm also relaxes specifications for optic-to-optic wavelength matching. There are othe
benefits associated.with operating at 13.5 versus 11 nm.

Theoretical Multilayer Survey
——

T Lo

d=i2

P=200

'(=U.4
s=0nm/0.3nm

Maximum Reflectance (6=90°)

0 200 “Ta00 600 800
Photon Energy (eV)

1 1
6.2 31 2.06

‘Wavelength (nm)

Figure 3-4: Theoretical multilayer survey: Maximum achieveable normal incidence re-
flectance in the soft x-ray range for the systems shown.
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3.4 Multilayer Deposition Technologies

It is well known that the reflectance of ML mirrors does not depend only on the materials
being used but also on the structural quality of the coatings. Coating quality depends
on the deposition method (magnetron-beam sputtering, ion-beam sputtering, electron-
beam evaporation, pulsed laser deposition) and the overall deposition control. The first
ML structures were made by physical vapor deposition (PVD). A nice overview of PVD
methods, including thermal and sputter vapor depositions, can be found in Barbee’s
review paper. Another way to deposit thin films and ML coatings is chemical vapor
deposition (CVD), although this technique involves complex chemistry and chemical
reactions, often requires a high deposition temperature, and traditionally does not been
used to produce EUV MLs. The most commonly used deposition technique for EUVL
mirrors is magnetron sputtering. High-quality Mo/Si MLs were already achieved in the
mid-1980s. The advantages of this technique are the ability to coat large optics, great
control, the stability of the sources, reproducibility from run to run, and a relatively
fast sputtering rates The first EUVL optics sets for 0.1-NA full-field systems and 0.3-
NA microfield systems were fabricated using magnetron depesition. An example of a
DC-magnetron sputtering system optimized for the coating of large area optics is shown
in Figure 3-5 [31]. Similar mirrors for an EUVL process development tool were coated
using e-beam evaporation in combination with ion-beam smoothing. High-quality EUV
ML coatings are also obtained with ion-beam deposition and ion-assisted deposition.
This technique is primarily used to coat EUVL mask blanks because it is a low-defect
process. Because of the high energy of impacting ions, this technique also enhances
smoothing by increasing the motion of the atoms on the surface. With additional ion
polishing, such a technique can relax the requirement for the surface finish of EUV
optics and mask substrates. Another technique is pulsed laser deposition (PLD). Other
modes of film deposition—though not yet demonstrated—may be possible (e.g., atomic
layer deposition (ALD), molecular beam epitaxy (MBE), and modified chemical vapor
deposition (CVD) arrangements).
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Figure 3-5: (a) Side view of the LLNL large-optics DC-magnetron sputtering system. (b)
An optic introduced into the chamber through a side door.

3.5 Optical Constants

To successfully model and predict-the performance of Ml ceatings for EUVL, precise
knowledge of the optical properties of a system’s constituent materials is required. The
absorptive and dispersive behavior of each material can be obtained from the real and
imaginary part of the wavelength-dependent refractive index, also known as optical con-
stants. In the EUV/x-ray region, where the wavelength of radiation is comparable to the
binding energies of the inner electrons in the material; measurements of the refractive
index can be particularly challenging due to sensitivity to surface oxides, contamination,
and roughness of the material samples under study. Although sophisticated models have
been developed to determine the refractive index of materials using first-principles cal-
culations, experimental measurements are always recommended as the best method to
accurately determine the refractive index of vapor-deposited thin films. This is especially
true for energy regions in the electronic absorption edges, where the optical properties
can strongly depend on experimental conditions such as the method and environment of
deposition. The optical constants of important EUVL materials for ML coatings such
as Si [32], Mo [33], [34] and Ru [35] have been updated in recent years with more accu-
rate experimental results. A comprehensive compilation of the optical constants for all
elements in the periodic table, including recently obtained data, are maintained in the
Center for X-Ray Optics (CXRO) database [36]. Other databases for the optical prop-

erties of materials in the EUV /x-ray region are maintained by the National Institute of
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Standards and Technology (NIST) [37] and LLNL [38]. The values of n, k at the EUV

wavelengths of particular interesting materials are tabulated in Table 3.1.

Table 3.1: Values of n and k at 13.5 nm.

13.5 nm
n k
Mo | 0.9239 | 0.0064
Si 0.9999 | 0.0018
B4C | 0.9638 | 0.0051
C 0.9616 | 0.0069
Ru | 0.8863 | 0.0171
Pt 0.8907 | 0.0601
SiOs | 0.9781 | 0.0108
Rh | 0.8751 | 0.0312

3.6 Throughput

An EUVL scanner consists of -an-all-reflective optical system with ML coatings on the
projection (imaging) elements, on the condenser/illuminator assembly, and on the mask.
All of these elements should be tuned to reflect at or near the same wavelength to obtain
a substantial output'from the system. Amny spectral mismatch between the mirrors would
translate to throughput reduction: If a goal is set to match the reflectance peak position
of all EUVL optics to'within AX = +0.05 nm, then'in a system with six reflections,
for example, this level of wavelength matching would ensure at least 97.4% of the ideal
throughput. Meeting this goal requires atomic-level repeatability of the coating process
from one deposition run to another. In addition to optic-to-optic wavelength matching,
another throughput constraint is the tolerance on wavelength variation across the surface
of any individual optic in the system. For maximum throughput, the ML should have its
reflectance peak at the same wavelength for all surface points on any given mirror. If an
arbitrary goal is set to stay within 99% of the reflectance peak for all points on the optic
surface, then a Mo/Si ML operating at A = 13.5 nm is allowed to have its wavelength
vary to within A\ = £0.05 nm, which is equivalent to having the wavelength (or the
thickness) vary from its prescribed value to within £0.37% peak-to-valley (P-V) across
the surface.

In the EUVL tools, with a vacuum of about 10~ Pa, the surfaces of such multilayer-

coated mirrors are exposed to EUV radiation in the presence of residual contaminants
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(water vapor and hydrocarbons primarily), which lead to optics contamination (oxidation
and carbon deposition). At EUV wavelengths, even a small increase in oxide or carbon
layer of only few nanometers could cause a measurable reflectance decrease. Nonetheless,
reflectance has to be stable within 1% in high volume manufacturing (HVM) lithography
because the optical throughput is proportional to:

/ T RI(A)dA, (3.6)

J=1

where R is the reflectance of the m—th multilayer mirror and j is the number of reflective
mirrors in the EUVL tool (Figure 1-3).

These HVM tools might contain 7 or more reflective mirrors, and any small change in
reflectance will lead to a noticeable change in the throughput. Hence, optics lifetime is one
of the critical issues for the success of this technology and different strategies to obstruct
oxidation and contamination have been studied [39] - [41].-To extend the lifetimes of the
projection optics is by coating the-multilayers with thin 2~3-nm capping layer [42] - [44]
films (Figure 3-6) that reduce the buildup of contamination. In this thesis, we evaluate
the solid phase elements in the periodic table and their material combinations as possible

capping layer candidates for EUVL-applications.

R Rl
Capping layer
~2 — 3 nm thick

Figure 3-6: TEM cross-section of a Mo/Si multilayer is showing crystalline Mo and
amorphous Si. The right image shows the top part of the multilayer, including the
capping layer.
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Chapter 4

Multilayer Design for High
Reflectance in EUV Lithography

4.1 Introduction

Over the past few decades, several lithography techniques have been investigated as sub-
stitutes for conventional optical lithography. Among these next generation lithography
techniques (NGL), extreme ultraviolet lithography (EUVL) has been considered as one of
the most competitive technology owing to its high throughput, similarities with conven-
tional optical lithography, and robust mask structure. In EUVL, the reflective multilayer
structures are used for applications as masks as well as mirrors in exposure systems.
Reflectance of these multilayers, which is a critical factor for throughput of the EUVL,

depends on the structure factors as well as on the material properties.

4.2 Mo/Si Multilayer Structure for EUV Lithogra-
phy

4.2.1 Design Consideration for a Mo/Si Multilayer Structure

At present, there is a considerable interest in mirrors with high reflectance at near-normal
incidence tuned for the extreme-ultraviolet (EUV) spectral region, most particularly in
the 11 — 14 nm range. This interest is driven by the potential of EUV projection lithog-
raphy as the basis for the next generation of high-throughput semiconductor lithographic
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tools for fabricating structures below 70 nm. The design of thin-film multilayer reflectors
for the EUV spectral region has been extensively studied by Spiller [24]. Of particular
importance for EUV projection lithographic applications are the two-component Mo/Be
and Mo/Si multilayer systems that exhibit particularly high theoretical reflectance in the
11.3 — 11.6 nm and 13.0 — 13.6 nm spectral regions, respectively. The reflector designs
are composed of distributed Bragg reflectors resembling quarter-wavelength stacks with
constant film thicknesses throughout. The typical designs that have been fabricated are
80 periods of Mo/Be and 40-50 periods of Mo/Si. These designs yield maximum theo-
retical reflectance of R ~ 78% for the Mo/Be stack and R ~ 74% for the Mo/Si stack.
These reflectance values which are among the best for multilayer reflectors in the EUV
region, although adequate for optical systems with a few reflectors, will dramatically
diminish the output optical intensity to 6-10% of that directly before the first mirror.
The significance of ninemear-normal incidence mirrors isthat the number envisaged for
an EUV lithography‘system: two in the illumination optics; six in the imaging optics
plus the reflecting reticle. It is-evident that  even a small increase of 1-2% in the peak
reflectance of a single mirror will yield a significant light throughput enhancement in the
optical system.

For Bragg reflectors with/non-absorbing films the optimum optical path difference
within each film would be a quarter-wavelength. However, a particular problem in the
EUV region is that all mseful materials absorb the radiation to a certain degree. To
reduce the effect on the reflectance response of the absorption losses, the thicknesses of
the two components of the stack are adjusted slightly from the optical path length of a
quarter wavelength. The thickness of the high-absorption layer d), (commonly called the
absorber layer) is set slightly lower than that of the low absorption layer d; (commonly
called the spacer layer); thus the partition ratio I' = dy,/(dy + d)) of the multilayer is
defined. A typical multilayer consists of 40 — 60 repeats of this period and usually ends
with a Si layer, which partially oxidizes when exposed to air. Mo and Si layers usually
act as the absorber layer and the spacer layer, respectively. And the thickness of Mo is
designed thinner than that of Si due to the stronger absorption in EUV range. It reveals
that the reflectance of the EUV multilayer mirror depends on the accurate thicknesses of
the stacked layers. The thicknesses of the stacked layers through optimized design can

provide the highest reflectance for a given wavelength. The pairs of materials, the periodic
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thickness of the multilayer, the thickness ratio, and even the interface roughness are the
factors that should be taken into consideration for an optimized design. Figure 4-1 is a
illustraion of reflective multilayers used for applications as masks and as well as mirrors in
exposure systems and Figure 4-2 shows a schematic diagram of the Mo/Si EUV reflective
multilayer structure. The thickness ratio has a most significant meaning in making a
multilayer mirror due to its position of the peak wavelength is mainly determined. In a
real lithographic system, which consists of several mirrors, the matching of the thickness
ratio in each mirror in accordance with the position of the peak wavelength and the

intensity distribution of the reflected light is critical for reflectance and throughput.
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Figure 4-2: The schematic diagram of the Mo/Si multilayer.
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4.2.2 Reflectance Optimization for a Mo/Si Multilayer Struc-

ture

The simulation results in this thesis were all performed by using the language of technical
computing design program MATLAB 7.1 (The MathWorks, Inc.), which is based on the
characteristic matrix methodology [27] as discussed in Chapter 2. The characteristic

matrix of the j—th layer of the stack is given by:

COs 0 ni sin 0;
Mj = ) ) J 5
in;sindj  cos d;

j=1,23-.m

where
5. A 271'N] dej
J )\ ?
is the phase thickness.expressed in terms of the refractive index N; and the physical

thickness d; of the layers, wavelength A, and the angle of internal refraction ;. The

optical admittances:

n; = 1;cos6; (TE pol.)

"l;
> — TM pol.
"l cos 0; ( pol.)

depend on the polarization of light at non-normal incidence. The assumptions inherent
in these simulations are that/the interfaces between the adjacent layers is perfect (i.e.
that there is no interfacial interdiffusion and no scattering loss).

The optical constants of the various materials, namely the complex refractive index
N = n—ik are derived from atomic scattering factors by Henke et. al. and were obtained
from http://henke.lbl.gov/optical constants/asf server at Berkeley [36]. The values of n
and k for the materials used in this thesis were downloaded as functions of wavelength
from 10 nm to 42 nm and as such the wavelength dependence of n and k is implicit in all
calculations. The values of n and k at the wavelength of particular technological interest
are listed in Table 1. The main aim of this thesis is to investigate the performance
enhancement of the reflectors.

In order to reduce the effect on the reflectance response of the absorption losses, the

thicknesses of the two components of the stack are adjusted slightly from the optical
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path length of a quarter wavelength. The thickness of the high-absorption layer dj, is
set slightly lower than that of the low absorption layer d;. Thin film multilayer coatings
greatly increase the reflection from surfaces in multi-element layer by making use of
phase changes and the dependence of the reflectance on index of refraction. The idea
behind multilayer coatings is that the creation of an interface by means of a thin film gives
multiple reflected waves. The important property of a quarter-wave stacks is that a stack
of quarter-wave layers of alternating refractive index high, low, high, low, ..., etc., has
the reflection from every interface in phase. This gives constructive interference between
every reflection, all the reflections add together and a quarter-wave stack of enough layers
acts as a mirror at the wavelength A\. To maintain the phenomenon of standing wave
in conventional high reflective mirror (quarter-wave stack), using the concept of ideal
Bragg crystal, to achieve the result of standing wave and reduce the absorption in order
to enhance the reflectance.

A quarter-wave layer is one which

N x d= A4,

where N = refractive index of thin film; d = thickness of thin film, and A\ = wavelength
of light used. Henceywe made the total thickness of multilayer.equal to the quarter-wave
layer and adjusted thethickness of Mo and Si layer, and the reflectance results are listed
in Table 4.1. As seen in Table 4.1 it.is appear that the reflectance at 13.5-nm wavelength
is coparison of the quarter-wave stack and fine-tuned Mo/Si multilayer structure which
is used the way to adjust the layer thickness gradually. The fine-tuned Mo/Si multilayer
structure is a 40 pair Mo/Si system (dy;, = 3.4 nm and dg; = 3.6 nm), yeilds a maximum
reflectance around 71.25% of 13.5-nm wavelength, a peak reflectance of 72.34% at 13.60
nm, and the full-width-at-half-maximum (FWHM) is 0.758 nm.
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Table 4.1: Reflectance versus individual thickness of Mo and Si layer.

dyo (nm) ds; (nm) Pair Number | Ry - 13.5um (%) Ryeax ( ) ( peak)
quarter-wave stack 3.65 3.38 40 69.89 71.50 (13.62 nm)
fine-tuned Mo/Si 4.0 3.0 40 69.55 69.55 (13.50 nm)
fine-tuned Mo/Si 3.9 3.1 40 70.12 70.16 (13.52 nm)
fine-tuned Mo/Si 3.8 3.2 40 70.56 70.71 (13.53 nm)
fine-tuned Mo/Si 3.7 3.3 40 70.88 71.20 (13.55 nm)
fine-tuned Mo/Si 3.6 3.4 40 71.10 71.64 (13.57 nm)
fine-tuned Mo/Si 3.5 3.5 40 71.22 72.02 (13.58 nm)
fine-tuned Mo/Si 3.4 3.6 40 71.25 72.34 (13.60 nm)
fine-tuned Mo/Si 3.3 3.7 40 71.19 72.61 (13.61 nm)
fine-tuned Mo/Si 3.2 3.8 40 71.03 72.83 (13.62 nm)
fine-tuned Mo/Si 3.1 3.9 40 70.77 73.00 (13.64 nm)
fine-tuned Mo/Si 3.0 4.0 40 70.40 73.10 (13.65 nm)
fine-tuned Mo/Si 2.9 4.1 40 69.92 73.12 (13.67 nm)
fine-tuned Mo/Si 2.8 4.2 40 69.31 73.15 (13.68 nm)
fine-tuned Mo/Si 2.7 4.3 40 68.54 73.08 (13.69 nm)
fine-tuned Mo/Si 2.6 4.4 40 67.61 72.94 (13.70 nm)
fine-tuned Mo/Si 2.5 4.5 40 66.46 72.73 (13.71 nm)
fine-tuned Mo/Si 2.4 16 40 65.06 72.44 (13.72 nm)
fine-tuned Mo/Si 2.3 4.7 40 63.36 72.05 (13.73 nm)
fine-tuned Mo/Si 2.2 4.8 40 61.28 71.57 (13.74 nm)
fine-tuned Mo/Si 2.1 4-9 40 93:73 70.98 (13.75 nm)
fine-tuned Mo/Si 2.0 5.0 40 55.60 70.26 (13.76 nm)

The comparison spectral responses are shown in Figure 4-3. For the fine-tuned multi-
layer structure, the reflectance at 13.5-nm wavelength is increased from 69.89% to 71.25%;
the peak reflectance is inereased from 71.50% at 13.62 nm to 72.34% at 13.60 nm, too. In
order to find the maximum reflectance, we also caleulated the reflectance as the function
of pair number in the multilayer and the result is shown in Figure 4-4. As a conse-
quence, we could find the maximun reflectance with 54 pair fine-tuned Mo/Si multilayer
structure (called Mo/Si ML structure) and still keeping the same value even though with
more pairs. The spectral response for 54 pairs is then shown in Figure 4-5, which shows
that the Mo/Si multilayer structure’s reflectance at 13.5-nm wavelength is 71.65% and
the peak reflectance is 72.91% at 13.61 nm and the FWHM is 0.710 nm. The detailed
parameters of the Figure 4-4 are listed in Tables 4.2 and 4.3.
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Figure 4-3: The speetral response for quarter-wave stack and fine-tuned Mo/Si ML struc-

ture.

Table 4.2: The maximum reflectance at 13.5-nm wavelength of fine-tuned Mo/Si ML

structure with an increasing pair number.

Pair Number | Rygax (%) |-Pair Number | Ry.x (%)
40 71.25 49 71.59
41 71.32 50 71.61
42 71.37 51 71.62
43 71.42 52 71.63
44 71.46 53 71.64
45 71.50 54 71.65
46 71.52 55 71.65
47 71.55 56 71.65
48 71.57 57 71.65

Table 4.3: Parameters of three kinds of Si-based ML structures.

dyo (nm) | dgi (nm) | Pair Number | Ry = 135 nm (%) | Rpeax (%) | FWHM (nm)
quarter-wave stack 3.65 3.38 40 69.89 71.50 0.753
fine-tuned Mo/Si ML 3.40 3.60 40 71.25 72.34 0.758
Mo/Si ML 3.40 3.60 54 71.65 72.91 0.710
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34



4.3 Interface-Engineered Multilayer Structure

4.3.1 Design Consideration for an Interface-Engineered Multi-

layer Structure

The properties of Mo/Si multilayers are directly related to the structure of the inter-
face. The interdiffusion processes and the roughness development significantly reduce
the reflectance. One of the reasons for the disagreement between the achievable exper-
imental reflectance and the theoretical analysis value for the Mo/Si multilayer system
is the formation of intermixing zones at the interfaces. The major imperfections in the
multilayers is the quality of the interface between the Mo and Si layers. Structural analy-
sis revealed that these multilayers consist of layers of polycrystalline Mo and amorphous
Si that are separated with interfacial regions of mixed composition, where the interface
corresponding to Mo on Si is thicker than the interface corresponding to Si on Mo [45],
[46]. Intermixing atinterfaces-can-be decreased by using appropriate diffusion barriers.
A number of studies have been-performed to investigate the origin of Mo/Si intermix-
ing and its dependence on the deposition parameters [47]. As a result, the intermixing
regions have been minimized but not totally eliminated. That suggests that interlayer
formation is an intrinsic property of the Mo/Si material and could present a fundamental
barrier to achieve maximum ‘optical performance. Since the interdiffusion layer formed
between Mo and Si layers due to ion implantation or thermal diffusion may cause the
deviation of the designed thickness and inecrease the absorption of the multilayers unex-
pectedly. Ru, B4C, or C material will be used as the barrier layer material to constrain
the interdiffusion layer and increase the thermal stability for the components [48], [49].
When EUV radiation illuminates on a multilayer structure, the superposition of the
incident and reflected electromagnetic waves generates a standing wave field distribution
in the multilayer stack, as illustrated in Figure 4-6 [48]. The structure is based on a
periodic design and allows for a better spectral match of the emission distribution of the
lithographic source (i.e., the stationary wave field is distributed to maximize interference
of reflected components by multi-reflection inside each layer). Considering the amplitude
of this standing wave as shown in Figure 4-6 the nodes and antinodes are at fixed positions
of the multilayer stack. At the interface Mo-on-Si, the additional absorbing barrier layers

will only weakly affect the electric field and the EUV reflectance. Hence any material that
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is suitable as the barrier layer which is thin enough. From HRTEM micrographs [48] it
can be concluded that for multilayers prepared by MSD the thicknesses of the intermixing
zones are 1.2 nm for Mo-on-Si interface and 0.7 nm for Si-on-Mo interface. The aim of
this section is to select promising materials and thicknesses of different barrier layers with

respect to a highest possible EUV reflectance of the appropriate periodic configurations.

interface type

Si-on-Mo

==-== Mo-on-Si
Vacuum-on-Si

intensity of the electrical field

40 5 0 5 10 15 20 25 30 35 40
depth z within the multilayer / nm («=1.5°, A=13.4nm, d__..,=6.85nm, ['=0.4)

Figure 4-6: Distribution of ithe electrical field intensity within the Mo/Si multilayer
structure in the case of maximum reflectance. The field intensity is high at the interfaces
Si-on-Mo and low at the Mo-on-Si interfaces.

4.3.2 Reflectance Optimization with Different Barrier Layers in

a Mo/Si Multilayer Structure

In extreme ultraviolet lithography, the multilayer reflectance and the thermal stability
strongly depends on the diffusion barrier thicknesses. In this research, we have inves-
tigated to replace the original Mo/Si structure in one side layer or both layers by the
barrier materials. Simulation results in Figure 4-7 show that regardless of the material
as the barrier layer, the reflectance is over 70% for the barrier layer thickness d < 1.2 nm.
Nevertheless, a final decision has to consider the suitability of the particular material as

an diffusion and reaction between the individual layers of Mo and Si.

36



75

65

60
g i
[¢] 35
o -4
8 5] —+—BC
2 1l .-c
& 4549 | —~»—RuU

404 | Si-substrate/54 (BL /Mo / Si)
1] d,=34nm-05d,
34| dy =3.6nm-0.5d

04— — . —

T LR T
00 02 ‘04 06 08 10 12 14 16 18 20
Thickness of Barrier Layer (nm)

Figure 4-7: Calculations of EUV reflectance depending on the thickness of B,C, C, and
Ru barrier layers at the Mo-on-Si interface.

Consider the field intensity at the layer interfaces, the standing wave field has antin-
odes at Si-on-Mo interfaces and therefore the absorption of barrier layers at this stack
position will strongly affect the EUV reflectance:” We can do the similar calculation as
Figure 4-7. From calculations, we can conclude that even materials with a lower EUV
absorption like boroncarbide or carbon would cause a stronger loss to reflectance. Fig-
ure 4-8 shows the 13.5-nm reflectance obtained for multilayers that have three kinds of
interlayer thicknesses in the range of 0.1—1.8 nm. Note that the variable barrier layer
thickness, combined with a fixed pair thickness, results in an optical response that has a

maximum in the reflectance curve at varying wavelengths in the range of 12—15 nm.
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Figure 4-8: Calculations of EUV reflectance depending on the thicknesses of B4C, C, and
Ru barrier layers at'the Si-on-Mo interface.

The case that the barrier layer replaces the original absorption layer (dyj,) or spacer

layer (dg;) only are shown in Figures 4-9 to 4-12.
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Figure 4-11: Calculations of EUV reflectance depending on the thicknesses of B,C, C,
and Ru barrier layers at the Si-en-Mo interface.
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Figure 4-12: Calculations of EUV reflectance depending on the thicknesses of B4C, C,
and Ru barrier layers at the Si-on-Mo interface.
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In this study, we used carbon, boroncarbide, and ruthenium as diffusion barrier layers
for enhancement of the reflectance. The detailed parameters and the corresponding
reflectance of interface-engineered ML structures are tabulated in Tables 4.4 - 4.9. Based
on the simulation results of Tables 4.4 - 4.9, it was suggested that boroncarbide is more
suitable as the barrier layer for applying at the Si-on-Mo interface. Similarly, it was
suggested that ruthenium is more suitable as the barrier layer for applying at the Mo-

on-Si interfaces.

Table 4.4: The detailed parameters of interface-engineered B,C/Mo/Si ML structure at
Mo-on-Si interface.

dB4C (nm) dMo (nm) dSi (nm) R)\ = 13.5 nm (%) pedk ( ) ( Pedk)

0.2 3.4 3.6 3151 72.86 (13.99 nm)

B4C/Mo/Si 0.2 3.2 3.6 71.53 73.56 (13.62 nm)
0.2 3.4 3.4 71.59 72.52 (13.59 nm)

02 .| 33 35 7160 72.87 (13.61 nm)

Table 4.5: The detailed _parameters of interface<engineered C/Mo/Si ML structure at
Mo-on-Si interface:

dC (nm) dMo (nm) dSi (nm) R)\ = 13.5 nm (%) pC‘ik ( ) ( pC‘lk)

0.2 34 3.6 31.76 72.83 (13.99 nm)

C/Mo/Si 0.2 3.2 3.6 71.54 73.14 (13.62 nm)
0.2 34 34 71.58 72.49 (13.59 nm)

0.2 33 35 7161 72.84 (13.60 nm)

Table 4.6: The detailed parameters of interface-engineered Ru/Mo/Si ML structure at
Mo-on-Si interface.

dRu (Ill’Il) dMo (nm) dSi (nm) R)\ = 13.5 nm (%) peak ( ) ( peak)

0.2 3.4 3.6 39.31 72.32 (13.96 nm)

0.2 3.2 3.6 71.76 72.72 (13.59 nm)

Ru/Mo/Si [ 0.2 34 34 7147 71.85 (13.57 nm)
0.2 3.3 3.5 71.66 72.32 (13.57 nm)

1.4 2.0 3.6 73.04 7374 (13.58 nm)
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Table 4.7: The detailed parameters of interface-engineered Mo/B4C/Si ML structure at
Si-on-Mo interface.

dMo (nm) dB4C (nm) dSi (nm) R/\ = 13.5 nm (%) pcak ( ) ( pcak)

3.4 0.2 3.6 31.31 72.42 (13.99 nm)

Mo/B,4C/Si 3.2 0.2 3.6 71.09 72.71 (13.62 nm)
3.4 0.2 3.4 71.14 72.08 (13.59 nm)

33 0.2 35 71.16 72.42 (13.61 nm)

Table 4.8: The detailed parameters of interface-engineered Mo/C/Si ML structure at
Si-on-Mo interface.

dnio (nm) dc (nm) dsi (nm) Ry — 135 um (%) peak ( ) ( peak)

3.4 0.2 3.6 31.30 71.84 (13.99 nm)

MO/C/SI 3.2 0.2 3.6 70.53 72.12 (13 62 nm)
3.4 0.2 3.4 70.57 71.47 (13 59 nm)

3.3 0.2 3.5 70.60 71.81 (13.60 nm)

Table 4.9: The detailed parameters of interface-engineered Mo/Ru/Si ML structure at
Si-on-Mo interface.

dMo (nm) dRu (nm) dSi (nm) R)\ = 13.5 nm (%) pedk ( ) ( peak)

3.4 0.2 3.6 37.90 69.82 (13.96 nm)

Mo/Ru/Si 3.2 0.2 3.6 69.22 70.16 (13.59 nm)
3.4 0.2 3.4 68.90 69.30 (13.56 nm)

3.3 0.2 3.5 69.10 69.75 (13.57 nm)

Making these values was chosen to obtain good agreement between simulations, we
have design a fine structure Ru/Mo/B4C/Si. Calculations of the thickness with different

barrier layers at every interface are listed in Table 4.10 as follows.
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Table 4.10: The detailed parameters of interface-engineered Ru/Mo/B,C/Si ML struc-
ture.

dru (nm) dno (nm) dB4C (nm) dsi (Hm) Ry~ 135 um (%) pedk ( ) ( peak)
0.2 3.4 0.2 3.6 <10% 71.87 (14.35 nm
0.2 3.2 0.2 3.4 71.18 71.83 (13.57 nm
0.2 3.0 0.2 3.6 71.28 72.58 (13.61 nm
0.2 3.4 0.2 3.2 70.68 70.88 (13.54 nm
Ru/Mo/B,C/Si 1.4 3.4 0.2 3.6 1% 3%
14 2.6 0.2 2.8 68.38 69.26 (13.43 nm
14 1.8 0.2 3.6 72.61 73.64 (13.60 nm
14 3.4 0.2 2.0 29.69 59.64 (13.25 nm
14 2.0 0.2 3.6 53.86 73.29 (13.96 nm

Based on Table 4.6, by choosing dg, = 1.4 nm, dy,, = 2.0 nm, and dg; = 3.6 nm,
we could achieve a higher reflectance 73.04% at 13.5-nm wavelength, a peak reflectance
73.74% at 13.58 nm with. Ru/Mo/Si multilayer structures;and a FWHM of 0.829 nm as
shown in Figure 4-13: Likewise; based on Table 4.7 with dg;e = 0.2 nm, dy, = 3.3 nm,
and ds; = 3.5 nm, we could achieve a higher reflectance 71.16% at 13.5-nm wavelength,
a peak reflectance.72.42% at 13.61 nm with Mo/B,C/Si multilayer structure, and a
FWHM of 0.708 nm as shown in Figure 4-13. Considering the practical process and
using ruthenium and boron carbide as barrier layers at all interfaces as shown in Table
4.10 with dr, = 1.4 nm, dp,c =.0.2 nm, dyjo = 1.8 nm, and dg; = 3.6 nm, we could
achieve a higher reflectance 72.61% at 13.5-nm wavelength; a peak reflectance 73.64% at
13.60 nm with Ru/Mo/B,C/Si multilayerstructure, and a FWHM of 0.837 nm as shown
in Figure 4-13. These spectral reflectance comparison are all shown in Figure 4-13. We
have also investigated reflectance dependency on each thin-film thickness, and the results
are listed in Tables 4.11 - 4.15. With dr, = 1.4 nm, dp,c = 0.2 nm, dy;, = 1.9 nm, and
ds; = 3.5 nm, we have achieved a higher reflectance 72.62% at 13.5-nm wavelength, a
peak reflectance 73.30% at 13.58 nm with Ru/Mo/B,C/Si multilayer structure, and a
FWHM of 0.828 nm as shown in Figure 4-14. The detailed parameters of ML structures
are listed in Tables 4.16 and 4.17. Although the higher reflectance seems to be Ru/Mo/Si
multilayer structure, we should consider the experimental process to choose the useful

Ru/Mo/B4C/Si multilayer structure.

43



Table 4.11: The detailed parameters of interface-engineered Ru/Mo/B4C/Si ML struc-
ture with thickness dependent.

dRu (nm) dMo (nm) dB4C (nm) dSi (nm) R/\ = 13.5 nm (%) peak ( ) ( peak)

1.2 1.8 0.2 3.8 72.29 74.12 (13.63 nm)

Ru/Mo/B,C/Si 12 1.9 0.2 37 72.48 73.87 (13.61 nm)
1.2 2.0 0.2 36 7257 73.56 (13.59 nm)

1.2 2.1 0.2 35 72.55 73.20 (13.57 nm)

Table 4.12: The detailed parameters of interface-engineered Ru/Mo/B,C/Si ML struc-
ture with thickness dependent.

dRu (nm) dMo (nm) dB4C (nm) dSi (nm) R)\ = 13.5 nm (%) peik ( ) ( pe]k)

1.3 1.8 0.2 3.7 72.50 73.91 (13.62 nm)

Ru/Mo/B,C/Si 13 1.9 0.2 36 72.60 73.61 (13.50 nm)
L3 2.0 0.2 35 72.60 73.27 (13.58 nm)

%) 2.1 0.2 3.4 72.48 72.86 (13.55 nm)

Table 4.13: The detailed parameters of interface-engineered Ru/Mo/B,C/Si ML struc-
ture with thickness dependent.

dRu (nm) dMo (nm) dB4C (nm) dSi (nm) RA = 13.5 nm (%) peik ( ) ( pe)k)

1.4 1.7 0.2 3.7 72.49 73.91 (13.61 nm)

Ru/Mo/B,C/Si 14 1.8 0.2 36 72.61 73.64 (13.60 nm)
1.4 1.9 0.2 35 72.62 73.30 (13.58 nm)

14 2.0 0.2 3.4 72.51 72.91 (13.56 nm)

Table 4.14: The detailed parameters of interface-engineered Ru/Mo/B4C/Si ML struc-
ture with thickness dependent.

dRu (nm) dMo (nm) dB4C (nm) dSi (nm) R)\ = 13.5 nm (%) p(“lk ( ) ( pO‘lk)

1.5 1.6 0.2 3.7 72.45 73.88 (13.62 nm)

Ru/Mo/B4C/Si 1.5 1.7 0.2 3.6 72.58 73.62 (13.60 nm)
i5 1.8 0.2 35 72.61 73.31 (13.58 nm)

15 1.9 0.2 34 72.52 72.93 (13.56 nm)
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Table 4.15: The detailed parameters of interface-engineered Ru/Mo/B4C/Si ML struc-

ture with thickness dependent.

) ( Pedk)

dRu (nm) dMo (nm) dB4C (nm) dSi (nm) R/\ = 13.5 nm (%) peak (
1.6 15 0.2 3.7 72.38 73.81 (13.62 nm)
Ru/Mo/B,C/Si [ 1.6 1.6 0.2 36 72.52 7357 (13.60 nm)
1.6 17 0.2 35 7257 73.28 (13.58 nm)
1.6 I8 0.2 34 72.50 72.02 (13.56 nm)

Table 4.16: The detailed parameters of interface-engineered Ru/Mo/Si, Mo/B4C/Si, and
Ru/Mo/B4C/Si ML structures.

dpy, (nm) dyio (nm) | dgi (nm) | Ry — 135 um (%) Ryeax (%)
Ru/Mo/Si dry =14 2.0 3.6 73.04 73.74 (13.58nm)
Mo/B4C/Si dp,c = 0.2 3.3 3.5 71.16 72.42 (13.61nm)
Ru/Mo/B4C/Si | dry = 1.4 [ dg,0.=0.2 1.8 3.6 72.61 73.64 (13.60nm)
—=— Ru on Mo-on-Si
—e—B,Con Si-on-Mo
80 —*— Ru on Mo-on-Si + B,C on Si-on-Mo
70- /.
1 )
1 | [Ru/Mo/Si]
60 o : I:2/ =135nm = 7304 %
S : FAMHM =0.829 nm
@ 50 .‘. | I
s : : [Mo/B,C/Si]™
% 40 . : R/213.5nm=71'16(%)
8 | J I FWHM =0.708 nm
8 ° | |
= 30 'y | .54
e | : : [Ru/Mo/B,C/Si]
: . R . =7261%
20 4 > I =135nm
| PWHM =0.837 nm
b |
10 :
J |
|
0 : }
12.0 125 13.0 135 14.0 145 15.0

Wavelength (nm)

Figure 4-13: The spectral reflectance comparison of the Ru/Mo/Si ML structure,
Mo/B,4C/Si ML structure, and Ru/Mo/B,C/Si ML structure.
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Table 4.17: The detailed parameters of interface-engineered Mo/Si ML structure and
Ru/Mo/B4C/Si ML structure.

dBL(nm) dMo(nm) dSi(nm) By — 135 um (%) Rpeak (%)
Mo/Si 0 3.4 3.6 71.65 72.91 (13.61 nm)
Ru/Mo/B4C/Si | dpy = 1.4 [ dp,c =02 | 1.9 35 72.62 73.30 (13.58 nm)

80— " Mo/Si ML
—e— Ru/Mo/B,C/Si ML

v

[Mo/Si]™
R =71.65%

/ =13.5nm

PAMHM =0.710 nm

[Ru/Mo/B,C/SiT™
R =7262%

/ =135nm

FWHM = 0.828 nm

Reflectance (%)

l SL

: — — ; ;
12.0 125 130 135 140 145 15.0
Wavelength (nm)

Figure 4-14: The spectral reflectance comparison of the Mo/Si ML structure and
Ru/Mo/B,C/Si ML structure.
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4.4 Capping Layer to Avoid the Oxidation

4.4.1 Design Consideration with a Capping Layer

To determine the suitability of candidate materials for the capping layer, we first ex-
tracted information on densities (p), delta (§), beta (3), and attenuation lengths at 13.5
nm (91.84 eV) for pure elements (Z = 1 —92) and compound materials from the CXRO
webpage [36]. Using CXRO data, we calculated the reflectance of a 54 bilayer Mo/Si
multilayer structure with a period thickness of 7.0 nm (Si layer thickness = 3.6 nm and
Mo layer thickness = 3.4 nm). The calculation assumed a perfect multilayer structure (no
roughness, interdiffusion, or surface oxide), and it was performed for normal incidence
angle, assuming that the substrate was.a Si. wafer with 0.1 nm surface roughness. One of
the major imperfections in the multilayers that reduces the reflectance is the formation
of the surface oxide. It is impossible to completely avoid it, because the multilayers get
exposed to air. However, choosing-a material to terminate the multilayer that forms a
thinner, less absorbing surface-oxide than Si may mitigate this effect. Interestingly, the
silicide layer thicknesses are interface-dependent. For example, the silicide thickness of
the Mo-on-Si interface is at least two_times thicker than ‘that of the Si-on-Mo interface.
The appearance of the asymmetry . in. the silicide thickness israssociated with a phase
transition from amorphous to crystalline structure in Mo layers. Roughness of interfaces
is yet another imperfection that lowers the multilayer reflectance. However, some studies
suggest that interfacial roughness is negligible for optimized sputtering conditions [52].
Fortunately, in an optimized EUV multilayer the Mo thickness is well above that tran-
sition. Approaching to improve the reflectance of EUV multilayers was to engineer the
interfaces to minimize the silicide formation. The idea is to limit the interdiffusion of Mo
and Si by using a third material as a diffusion barrier that is light-transparent. This idea
was recently used by other authors to improve the thermal stability of the multilayers,
but always at the expense of slightly lower reflectance [42], [48], [51]. In the following, we
will call such interface-engineered multilayers as (standard) Mo/Si multilayers structure.
The multilayers with Mo and Si layers separated with thin barrier layers will be designed
as a useful structure to be applied for EUV lithographic system.

Since the maximum reflectance peak did not always coincide with 13.5-nm wave-

length due to different optical constants of the capping layers, it has been reported three
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numbers in tables in Appendix C [51]: reflectance at 13.5 nm (R) = 135 um), the peak
wavelength corresponding to the maximum reflectance ( Ayax), and the maximum value
of reflectance at peak wavelength (Ry,.x). The maximum peak reflectance and the 13.5
nm reflectance are typically off by only £0.1 nm and the difference in reflectance very
rarely exceeds 1%, which is much less than the uncertainties in the optical constant val-
ues. It is straightforward to design a multilayer where the maximum peak reflectance
and the reflectance at 13.5 nm coincide by adjusting the capping layer thickness. To
be considered as the capable capping layer, elemental materials were allowed to cause a
drop in reflectance for the entire film stack of 1% or less, and 2% or less was allowed for
compounds. The different criteria for elements v.s. compounds was used because of the
relatively larger uncertainties in the calculated (v.s. experimentally determined) optical
constants for compounds [44]« Reflectance caleulation results for non-gaseous elemental
and compound materials that meet these criteria are summarized in Tables [51], respec-
tively. Negative values for AR-=-R(Si) — R(max) are observed for some materials and
indicate that the addition of a capping layer-of that thickness results in a slight increase
in reflectance. Complete results of the reflectance calculations: for all of the materials
under consideration-are given in the Appendix [51].

Accordingly, the decision that if a class of materials appeared promising from a surface
chemistry perspectivey; then those materials” would be choosen as candidates from the
viewpoint of the other gating criteria even if the optical performance were unknown. Of
course, if the material appears promising-in-all ether aspects, it is surely recommended
to fabricate films to measure its optical constants through experiment and determine

whether the material is indeed worth a full capping layer development.

4.4.2 Material Selection for the Capping Layer

Based on the optical constants data and discussed in the previous section, we can identify
potential candidate materials for capping layers. First, considering the stability of the
films when exposed to atmospheric air. The films will be deposited in vacuum, but at
some situation they will be inevitable to be exposed to air with some moisture contents.
Lots of materials with favorable optical properties fail at this first stage, due to rapid
oxidation, hydroxide, or carbonate formation which can compromise the film’s opticals.

Even films that are not completely oxidized will still be affected by air exposure. Film
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microstructure will affect the reactivity. Then, considering the films’ reactivity during
exposure to background vacuum gases (mainly Hs, HoO, CO, CO,, and C, Hy,12). In-
cluding deposition of carbon, reactions would accelerate growth of oxides, hydroxides,
carbides, and oxycarbides, etc. And the effects of EUV radiation-induced processes are
important too. The radiation-induced dissociation of adsorbed background gases and
the reactivity of atomic and radical fragments are affected most strongly by indirect
processes (i.e., low energy secondary electrons released from the substrate during irra-
diation by EUV photons). Ultimately, many-sided mitigation should be considered. A
related major concerns possible removal of built-up carbon layers, or reduction of oxides.
Atomic hydrogen has been shown to be effective for cleaning both C and O from certain
surfaces [51].

The following non-gaseous elements are comsidered; they are identified by their row
of the periodic table assshown in Figure 4-15 [51].% All of these have favorable optical

properties as capping layers when covering Si as the top layer.

Li | Be B | C
Si|P|S

Rb| Sr | Y| Zr|Nb]|] Mo | Tc | Ru| Rh | Pd
Ba Pt

Ce Pr Nd Pm | Sm Eu

Figure 4-15: All non-shaded elements in the periodic table have good optical properties.

224 row: Li, Be, B, C

34 row: Si, P, S
4%row: K, Ca, Sc, Ti, V
5% row: Rb, Sr, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd

6" row and Rare Earths: Ba, Pt, La, Ce, Pr, Nd, Pm, Sm, Eu
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Actinides: U

Ru, Rh, Ir

Three metals Ru, Rh, and Ir are attractive so far because thin films with these materials
deposited in vacuum can undergo air exposure and remain metallic. In addition, they do
not react significantly with HyO vapor. Ru forms ultrathin oxide films with (relatively)
low heats of formation per O atom. Bulk oxidation of Ru does not occur spontaneously
upon exposure to O-containing gases at 300 K, and the oxygen-covered surface can be re-
duced by H atoms [51]. Many aspects of the surface chemistry of Ru in EUV applications
have been discussed by previous workers [53]. Rh and Pd have many of the benefits of Ru
and may be even better than Ru in some ways: they have weaker interaction with water
vapor, more weakly bonded oxide than Ru, and are easily reduced by gaseous hydrogen
with gentle heating. The previous discussion does not.take into account the growth mode
of elemental materials (metals)-on-multilayers, which may impact the capping layer. It is
important to understand whether-the growth proceeds more-or-less layer-by-layer, or in
a form of cluster (island) growth. For example, a continuous and stable 2-nm Ru film can
be sputter-deposited onto a Mo/Si multilayer mirror, but films of certain metals (e.g.,
Pd, Au) grow as discontinuous 3D islands under the same deposition conditions. It is
also critical to understand how the film morphology is affected by subsequent reaction
with background gases.

Based on the above information and all review papers mentioned, and with little
knowledge of film growth considerations, here are the “best bets” from a “surface chem-
istry” point of view [51]. If the following materials can be deposited on the terminating
Si layer and remain stoichiometric, smooth and continuous, and if pinholes and grain
boundaries are minimal, they may be worth considering for further development of a

research and characterization strategy.

Best material choice

Elemental Materials: Ru, Rh
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4.4.3 Reflectance Optimization for the Interface-Engineered Mul-
tilayer Structure with a Capping Layer

The reflectance of EUV multilayer structures can be degraded significantly by hydrocar-
bon contamination or by the growth of an oxide layer on the top surface due to environ-
mental contaminants. Contamination by heavier hydrocarbons is the most problematic,
as light hydrocarbons can be removed by heating the optics up to about 30 degree. The
oxidation depends on the interaction between EUV photons and the multilayer material.
EUV photons cause primary electron emission by the photo-electric effect and the pri-
mary electrons in turn generate secondary electrons by interaction with the atoms of the
multilayer materials. The mean free path of secondary electrons in the materials is only
a few nanometers, so only those-electrons generated in the top few layers [39] can reach
the vacuum. To overcomethe problem of surface contamination and oxidation, the use of
a protective capping layer has been investigated [54]. It is-crucial to find a capping-layer
material that is oxidation-resistant, forms a sharp and stable interface with the material
underneath, and has good eptical properties in the EUV region.

The typical top-layer is Si, and this oxidizes very easily, especially during EUV light
exposure. However; this additional oxide will reduce the mask blank reflectance due
to a higher absorptien of EUV light. We simulated the performances of the multilayer
structure capped with/Ru, Rh, Pt, and native Si oxide as well. In Figure 4-16, the
results of simulations show a higher reflectance. in the case of multilayers containing Ru
or Rh capping layer, the opposite is for multilayer containing SiO, or Pt capping layer
(Unfortunately, it is generally recognized that an SiOs capping layer is not a suitable
solution for a photolithographic apparatus due to poor resistence to oxidation). Even
though a ultra-thin Ru or Rh capping layer can slightly increases reflectance, while a
thicker film can result in a fast drop of reflectance. There is reasonable for Ru has been
chosen as a capping layer since it is known to be oxidation-resistant. From the results, Ru
layer of 1.9-nm thickness can be suggested as a capping layer with interface-engineered
Mo/Si multilayer structure; however, the sufficient thickness to be oxidation-resistant is
around 2-3 nm in the lithography process. Hence, we chose the thin Ru layer of 2-nm

thickness as a capping layer with interface-engineered Mo/Si multilayer structure.
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Reflectance (%)
&

—=— Ru capped Ru/Mo/B,C/Si ML
—+— SO, capped Ru/Mo/B,C/Si ML
—»— Pt capped Ru/Mo/B,C/Si ML
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Figure 4-16: The reflectance versus the capping thickness with different kinds of materials
on Ru/Mo/B,C/Si ML structure.
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A interface-engineered Mo/Si multilayer structure with 54 pairs, a period thickness
of 7.0 nm, and a 2.0-nm-thick Ru capping layer. Considering the exposure light is on
13.5-nm wavelength, the reflectance is 73.86% with Ru/Mo/B,C/Si multilayer structure,
and a FWHM of 0.845 nm. Figure 4-17 shows the reflectance versus the thickness of the
capping layer and the results shows that there is an optimized thickness. And the detailed
parameters of different interface-engineered multilayer structures with a Ru capping layer
are listed in Table 4.18 and the spectral responses are shown in Figure 4-18. Although
the highest reflectance seems to be 1.9-nm-thick Ru capping layer, we still chose a 2.0-
nm Ru capping thickness for considering practical process. Finally, we have a multilayer
structrure with dg, = 1.4 nm, dp,c = 0.2 nm, dy;, = 1.9 nm and dg; = 3.5 nm with 2.0-
nm Ru as a capping layer to achieve a better reflectance 73.86% at 13.5-nm wavelength,

a peak reflectance 74.42% at 13.57 nm, and a FWHM of 0.845 nm.

=19nm{|{d___ =2nm
capping capping
R=7387% [ R=73.86%
745 o — & dcapping =3nm
] ’/0/ ‘\ R=72.59 %
> *
24[d___=0nm \
capping *
1IR=72.62% \
70 -
<2 *
S d = =4nm
D 68— capping
Q R =69.27 %
8 .
B 66- \
:: .
64+ d  =5pm
capping
1 R=64.48 %
62
60 1 T 1

———
00 05 10 15 20 25 30 35 40 45 50
Thickness of Capping Layer (nm)

Figure 4-17: The reflectance versus the capping thickness with the Ru/Mo/B,C/Si ML
structure and Ru as the capping material.
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Figure 4-18: The spectralreflectance comparison for Mo/Si ML structure,

Ru/Mo/B,C/Si ML structure, and Ru/Mo/B,C/Si ML structure with a 2.0-nm Ru as a
capping layer.

Table 4.18: The detailed parameters of Mo/Si ML structure, Ru/Mo/B4C/Si ML struc-
ture, and Ru/Mo/B4C/Si ML structure with a 2.0-nm Ru as a capping layer.

dcap (nm) dBL (nm) dMo (nm) dSi (nm) R)\ = 13.5 nm (%)
Mo/Si ML 0 0 3.4 3.6 71.65
Ru/Mo,/B,C/Si ML 0 dpy = 1.4 | dp,c = 0.2 1.9 3.5 72.62
Ru capped Ru/Mo/B,C/Si ML 2.0 dre =14 | dp,c = 0.2 1.9 35 73.86
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Chapter 5

Conclusion

In our investigations, we have designed and simulated the characteristics of multilayer,
interface-engineered multilayer structure; and with a capping layer applied for reflectance
improvement of multilayer mirrors and masks for .extreme-ultraviolet lithography.

The success of extreme-ultraviolet lithography is mostly dependent on the perfor-
mance and stability of multilayer-coatings. These multilayers need to maintain a high
reflectance in a realistic lithography tool environment. The optics used to reflect and
focus 13.5-nm wavelength (~ 92 eV) EUV radiation are Mo/Si multilayer mirrors which
function in 10~° Parvacuum of EUVL exposure tools. We have developed a multilayer
structure using interface-engineering in which the Mo and Si layers are separated with
low-atomic-weight interlayers (boron carbide) at Si-on-Mo interface and high absorption
material (ruthenium) at Mo-on-Si interface, respectively. In addition we have also investi-
gated different capping layers to avoid reflectance degrading in the presence of EUV light
and water vapor. In this study we addressed the reflectance loss due to interdiffusion and
oxidation; the best design was observed on Ru-capped multilayers with a Ru/Mo/B,C/Si
ML structure between the Ru capping layer and the Si substrate. Longer exposures in
different environments are necessary to test lifetime stability over many years. Coating
the multilayers with thin (2 nm) capping layer films can reduce build-up of contamination
(mostly oxides, carbon films).

In the design, we first made the total thickness of multilayer to satisfy the quarter-
wave stack condition and then adjusted the thickness of Mo and Si layer. For the original
quarter-wave stack the reflectance at 13.5-nm wavelength is 69.89%, the peak reflectance

is 71.50% at 13.62 nm, and the full-width-at-half-maximum (FWHM) is 0.753 nm. The
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fine-tuned multilayer stack for a 40 pair Mo/Si system (dy;, = 3.4 nm and dg; = 3.6 nm)
yeilds a maximum reflectance around 71.25 % at 13.5-nm wavelength, a peak reflectance
of 72.34% at 13.60 nm, and a FWHM of 0.758 nm. Based on the structure, we also
investigated the influence of the pair number, then we could find the maximum reflectance
with 54 pair fine-tuned Mo/Si multilayer structure (called Mo/Si ML structure) and still
keeping the same reflectance even with more pairs. For the 54 pair structure, Mo/Si
ML structure’s reflectance at 13.5-nm wavelength is 71.65% and the peak reflectance
is up to 72.91% at 13.61 nm with a FWHM of 0.710 nm. Considering the practical
process and using ruthenium and boron carbide as barrier layers at every interface with
dry = 1.4 nm, dp,c = 0.2 nm, dy, = 1.9 nm, and dg; = 3.5 nm, we could achieve a
higher reflectance 72.62% at 13.5-nm wavelength and peak reflectance 73.30% at 13.58
nm with Ru/Mo/B4C/Si ML structure and a FWHM of 0.828 nm. Although the higher
reflectance from simulation results seems to be 1.9-nm-thick Ru capping layer, we still
chose a 2.0-nm Ru capping thickness for considering practical process. Finally, we have
a multilayer structure with dg, =1.4 nm, dp,c = 0.2 nm, dye = 1.9 nm, and ds; = 3.5
nm with 2.0-nm Ru-as a capping layer to achieve a better reflectance 73.86% at 13.5-nm
wavelength, a peak reflectance 74.42% at 13.57 nm, and a FWHM of 0.845 nm. By
inserting two kinds of materials-as barrier layers (i.e., ruthenium and boron carbide)
to the Mo/Si ML structure and Ru as the capping layer, a high-performance interface-
engineered Ru/Mo/B4C/Si. ML structure was designed at 13.5-nm wavelength. The
reflectance has been improved and. thethermal stability is expected to be improved in a
pratical lithography system as well.

In the future, the fabrication process and the complete EUVL mask (mutilayer, ab-

sorber layer, and anti-reflective coating layer) should be studied.
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