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極紫外光微影之鉬矽多層膜鏡片與光罩 

反射率改善研究 

  

研究生: 劉芳宜      指導教授: 黃遠東 教授 

                              許博淵 博士 
 
 
 

國立交通大學 
 

加速器光源科技與應用碩士學位學程 
 

 

摘 要 
 

本研究主要探討極紫外光微影之鉬矽多層結構之設計與特性。其四

分之一波膜反射率可以藉由調整膜層厚度的最佳化程序達到較好效能，

而於商業用的極紫外光微影系統其要求多層膜需具備高反射率效果及較

好的穩定性。本研究以介面工程 (interface-engineered) 完成了在 13.5-nm
波長具有72.62%反射率及0.828 nm半高全寬介面工程鉬矽(Mo/Si)多層膜

結構之開發，此結構則包含被 boron carbide (B4C) 與 ruthenium (Ru) 材料

所分隔的鉬矽交錯層，Ru 和 B4C 的屏障層 (barrier layer) 則被分別插入

於鉬和 矽 (Mo-on-Si) 及 矽和 鉬 (Si-on-Mo) 的介面 中形 成 54 對 的

Ru/Mo/B4C/Si 多層膜。與傳統的四分之一波膜相比，在 13.5-nm 波長大

約有 4%的反射率改善，將 1.4 nm 厚的 Ru 的 0.2 nm 厚的 B4C 插入鉬矽多

層膜的介面可以達到此最佳反射率。另外，現今主要關注的議題之一是

由於表面光子輻射所導致的光學式表面汙染將會減低光電元件的使用壽

命；而從模擬結果看來最有希望成為覆蓋層 (capping layer) 的材料是 Ru。
藉由將 Ru 覆蓋於介面工程鉬矽多層膜結構最上層可達到對極紫外光的

氧化抵抗力，在經由極紫外光曝光環境的過程中這個結構能夠具有高反

射率以及抗氧化力。 
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ABSTRACT 

 
In this study, the design and characteristics of Mo/Si multilayers for extreme 

ultra-violet (EUV) lithography 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 (B4C) 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/Si 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 = k1�=NA (1.1)

where k1 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 satis�ed [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.

1



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 su¢ cient 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 e¤ect.

One of the earliest and most important decisions made in the �eld of EUVL was

the choice of the exposure wavelength. That in�uenced the design of the projection

optics, set the peak re�ectance and bandwidth of the multilayer re�ective 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 re�ective and defect-free by multilayer-

coating mirrors, i.e., the quarter-wave Bragg re�ectors. 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 e¢ ciency, the mirror re�ectance, the incident angle, and the thickness of

the multilayer.
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1.2 Extreme Ultra-Violet Lithography

At normal incidence, no material provides more than about 1% re�ectance 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 di¤erent EUV absorption values can lead to constructive interference and there-

fore enhanced re�ectance. 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

re�ectance [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 the light source to 13-nm wavelength; besides, they changed the mask

and the wafer from the concave spherical shape to the �at 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 �leds 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 on 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 di¤erent 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 e¢ ciency. Today, tin is a

dominant candidate because its high e¢ ciency to EUV light and good re�ectance 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 re�ective 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
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with repeated high-Z (Z is the atomic number) and low-Z materials can achieve a high

re�ectance. A pair of multilayer (i.e., Mo/Si) thickness is half the wavelength of the EUV

source. If the re�ectance 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 �at, 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 according 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-re�ective coating layer to form the low-re�ectance region. Ta-based

materials are good candidate as absorber layer such as TaBN, TaN and TaSi in EUVL

[18], [19]. SiON, Si3N4 and Al2O3 are used as the anti-re�ective 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 ampli�ed 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.
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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 �gure speci�cations 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 a¤ects 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 �gure, and on the re�ective properties and thickness control

of EUV multilayer thin �lms have led to enormous advancements in optical manufactur-

ing and multilayer coating technology. Scienti�c areas such as solar physics, astronomy,

x-ray microscopy, and plasma diagnostics that need similar instrumentation technology

have greatly bene�ted by the improvements in EUV/x-ray optics. The EUV wavelength

of illumination determinates the use of re�ective optical elements as opposed to the re-

fractive lenses used in conventional lithographic systems. Thus, EUVL tools are based

on all-re�ective concepts: multilayer (ML) coated optics for the illumination and pro-

jection systems, and a ML-coated re�ective mask. To achieve the production-quality

lithographic imaging, EUVL systems must be very well-corrected for aberrations. In

EUVL, the re�ective multilayers are used for applications as masks and as well as mir-

rors in exposure systems. Examples of high re�ectance EUV mirrors for near-normal

incidence operation are Mo/Be and Mo/Si multilayer that exhibit high re�ectance 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

re�ectance improvement of multilayer structures in an EUV projection lithographic sys-

tem. Furthermore, the ML coatings with normal-incidence experimental re�ectance of

70% have been demonstrated in the 11 nm to 14 nm wavelength range.

In this study, we have designed a highly re�ective 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 re�ectance 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-
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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-�lm

optimization techniques are essential for achieving re�ectance 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.

Figure 1-1: Illustration of the imprint lithography process.
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Figure 1-2: Schematic of the imprint lithography system.

Figure 1-3: Schematic of the extreme ultra-violet (EUV) lithography system.
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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 �lm. The transfer matrix method [28] is used to perform the analysis of multilayer

structures. In order to analyze electromagnetic �eld in optical thin �lms, the polarized

electromagnetic plane waves is applied. Finally, the transmittance and re�ectance 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 �elds) can be expressed in the following form :

5� E = �@B
@t
, (2.1)

5� H = J +
@D

@t
, (2.2)

5 � D = �, (2.3)

5 � B = 0, (2.4)

J = �E ; D = �E ; B = �H, (2.5)
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where � is the charge density, � is the electrical conductivity, � is the permittivity, and �

is the magnetic permeability. By solving the above equation, we can get the plane wave

equation as follow:

5 � D = 5 � (�E) = �5 � E + E � 5� = 0,

) 5 � E = �E � r�
�
= �E � r (ln �) ,

and from equation 5�5� E = 5(5� E)�52E, we can get

5�
�
� @
@t
�H

�
= 5 [�E � r (ln �)]�r2E,

) � @
@t
[�r�H + (r�)�H] = r [�E � r (ln �)]�r2E,

) �
�
��
@E

@t
+ ��

@2E

@t2
+ (r�)� @H

@t

�
= r [�E � r (ln �)]�r2E,

) r2E +r [E � r (ln �)] = ��@E
@t
+ ��

@2E

@t2
� r�

�
� (5� E) ,

and assume the solution of this equation is E = E (x; y; z) ei!t, then the above equation

could be derived as

r2E +r [E � r (ln �)] =
�
i��! � ��!2

�
E �r (ln�)� (5� E)

= ���c!2E �r (ln�)� (r� E) ,

where

�c = �� i
�

!
. (2.6)

We can get the equation of the electric �eld as

r2E + !2��cE +r [E � r (ln �)] +r (ln�)� (r� E) = 0, (2.7)

and the equation of the magnetic �eld as

r2H + !2��cH +r [H � r (ln�)] +r (ln �c)� (r�H) = 0, (2.8)
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and Eqs. (2.7) and (2.8) can be simpli�ed as,

r2E + !2��cE +r
�
Ez � @ ln �

@z

�
= 0, (2.9)

r2H + !2��cH +r (ln �c)� (r�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 �eld is perpendicular to the direction of propagation and transverse magnetic

(TM) mode that the magnetic �eld 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 Ex = Ez = Hy = 0. Then from

Eqs. (2.9) and (2.10), we obtain the relations :

�
@2

@x2
+
@2

@z2

�
Ey + !

2��cEy = 0, (2.11)

�
@2

@x2
+
@2

@z2

�
Hx + !

2��cHx +
@

@z
ln � �

�
@

@x
Hz �

@

@z
Hx

�
= 0, (2.12)

�
@2

@x2
+
@2

@z2

�
Hz + !

2��cHz = 0. (2.13)

10



For the TM mode (also called p-polarization), we have Hx = Hz = Ey = 0. Similarly to

Eqs. (2.9) and (2.10), we obtain the relations :

�
@2

@x2
+
@2

@z2

�
Hy + !

2��cHy �
@

@z
ln �c � @Hy

@z
= 0, (2.14)

�
@2

@x2
+
@2

@z2

�
Ex + !

2��cEx +
@

@x
Ez
@

@z
ln � = 0, (2.15)

�
@2

@x2
+
@2

@z2

�
Ez + !

2��cEz +
@

@z
Ez
@

@z
ln �+ Ez

@2

@z2
ln � = 0, (2.16)

2.2.2 Re�ection and Transmission Coe¢ cients

For a stack of thin, plane, parallel �lms of materials covering the surface of a substrate as

shown in Figure 2-2, the refractive indexs are N j and the layer thicknesses are d j, where

j = 1 to m. For discussing easily, we assume that there is only a single thin �lm 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 in�nite extensibility as

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

ei[!t�
2�
�
Nz] / e�i 2�� Nz = e�i�,

where the phase di¤erence is � = 2�
�
Nd.

Figure 2-2: Sketch of the m-layer multilayer structure.
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Figure 2-3: Sketch of the equivalent admittance of interfaces a and b.

For the normal incidence, the electromagnetic �elds E and H are continuous at the

interfaces, and we can get the relations as follows :

interface b :

Eb = E
+
sb = E

+
1b + E

�
1b, (2.17)

Hb = H
+
sb = H

+
1b +H

�
1b,

or �sEb = �sE
+
sb = �E

+
1b � �E�1b, (2.18)

interface a :

Ea = E
+
0a + E

�
0a = E

+
1a + E

�
1a, (2.19)

Ha = H
+
0a +H

�
0a = H

+
1a +H

�
1a = �0E

+
0a � �0E�0a = �E+1a � �E�1a, (2.20)

where �0, �, and �s are the optical admittance of incident medium, thin �lms and sub-

strate, respectively. There is a phase di¤erence � between surfaces a and b when the

electric �elds across the thin �lm. So we have the relation

E+1a = E
+
1be

i�, (2.21)

E�1a = E
�
1be

�i�. (2.22)

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

E+1b =
�Eb +Hb
2�

and E�1b =
�Eb �Hb
2�

,
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then

Ea = E+1a + E
�
1a = E

+
1be

i� + E�1be
�i�

=
�Eb +Hb
2�

ei� +
�Eb �Hb
2�

e�i�

= Eb cos � +Hb

�
i sin �

�

�
, (2.23)

Ha = H+
1a +H

�
1a = �E

+
1be

i� � �E�1be�i�

=
�Eb +Hb

2
ei� � �Eb �Hb

2
e�i�

= Eb (i� sin �) +Hb cos �. (2.24)

Eqs. (2.23) and (2.24) can be written as vector form M as

24 Ea

Ha

35 =
24 cos � i

�
sin �

i� sin � cos �

3524 Eb

Hb

35 , (2.25)

and the characteristic matrix of the single �lm is

M =

24 cos � i
�
sin �

i� sin � cos �

35 . (2.26)

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

E+0a =
�Ea +Ha
2�0

and E�0a =
�0Ea �Ha

2�0
.

Once the charateristic matrix of a multilayer stack is known, one can easily determine

the re�ection and transmission coe¢ cients for light incident on the stack. Hence, the

re�ection and transmission coe¢ cients are derived as follows, respectively.

� =
E�0a
E+0a

=
�0Ea �Ha
�0Ea +Ha

=
�0 � Y
�0 + Y

, (2.27)

� =
Eb
E+0a

=
2�0Eb

�0Ea +Ha
=
2�0

Eb
Ea

�0 + Y
. (2.28)
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Both sides of Eq. (2.25) are divided byEb, where Yb =
Hb
Eb
which is equal to the admittance

of the substrate (Ys); then rewriting Eq. (2.25), we can obtain24 B
C

35 =
24 cos � i

�
sin �

i� sin � cos �

3524 1

Ys

35 , (2.29)

where the equivalent admittance Y is C
B
. Then we have

� =
�0B � C
�0B + C

, and � =
2�0

�0B + C
.

Therefore, we have the re�ectance and the transmittance from the above equations as :

R = j�j2 =
�
�0B � C
�0B + C

��
�0B � C
�0B + C

��
, (2.30)

T =
Re(Ys)

Y0
j� j2 = 4�0Re(Ys)

(�0B + C) (�0B + C)
� . (2.31)

Matrix calculations determine the transmittance and re�ectance pro�le for multilayer

structures on a substrate. Consider a loss free multilayer design, normally incident radia-

tions, and assume that �lms are optically homogenous. The electric �eld vector (Em) and

the magnetic �eld vector (Hm) at the incident boundary of a �lm 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 �eld vectors alter

with the properties of the layer [28]. Application of the appropriate boundary conditions

between each layer requires that the tangential components of E and H vectors are con-

tinuous across each boundary to the equations of wave propagation. The �elds at other

interfaces m� 1 are similar to Eqs. (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

24 Em�1

Hm�1

35 =
24 cos �m

i
�m
sin �m

i�m sin �m cos �m

3524 Em

Hm

35 .
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Solving the above given expressions, the matrix expression for single layer is :

M =

24 E iF

iG H

35 ,
where: cos�m = E = H, isin�m=�m = F , i�msin�m = G.

For a multilayer containing m layers, we have24 E0

H0

35 =M1M2M3 � � � � � �Mm

24 Em

Hm

35 =M
24 Em

Hm

35 ,
where

M =
m

�
j=1
Mj =

m

�
j=1

24 cos �j
i
�j
sin �j

i�j sin �j cos �j

35 . (2.32)

From Eq. (2.29),

24 B
C

35 is known as the charateristic matrix of the assembly. Then
the transmittance and re�ectance for the multilayer can be calculated from this product

matrix by :

R =

�
�0B � C
�0B + C

��
�0B � C
�0B + C

��
, (2.33)

T =
2�0Re(Ys) (BC

� +B�C)

(�0B + C) (�0B + C)
� � 2

(BC� +B�C)
=

4�0Re(Ys)

(�0B + C) (�0B + C)
� . (2.34)

Su¢ cient information is included in Eqs. (2.33) and (2.34) to allow the re�ectance and

transmittance of a thin-�lm assembly to be calculated. The re�ectance, transmittance,

and absorptance are then related by R + T + A = 1. The solution of this matrix theory

is for multilayer coatings. However, insight into the properties of thin-�lm 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.
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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 re�ective optical elements (mirrors) as opposed to

the refractive lenses used in conventional lithographic systems. Thus, EUVL tools are

based on all-re�ective concepts : multilayer (ML) coated optics for the illumination and

projection systems, and a ML-coated re�ective mask.

3.2 Basic Principle of Multilayers

The basic principle behind the optical design in multilayer mirror is simple. A multilayer

is an arti�cial structure with a large number of interfaces. A single interface re�ects a

small fraction of an incident beam; however, the re�ectance increases dramatically if the

re�ected 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 �lm thicknesses. These re�ectance values whilet adequate for optical

systems with a few re�ectors will dramatically diminish the output optical intensity to

6-10% directly before the �rst mirror in a nine-mirror EUV lithographic system. There-

fore, it is evident that even an increase of 1-2% in the peak re�ectance of a single mirror

will yield a signi�cant 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 e¤ect on the re�ectance 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 �=4. The highest re�ectance is usually achieved by choosing

materials with the largest di¤erence in refractive indices and extinction coe¢ cients. 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 dh is set slightly lower

than that of the low absorption layer dl, thus the partition ratio � = dh=(dh + dl) of the

multilayer is de�ned. Vinogradov and Zeldovich [29] have calculated � as a function of

absorption - a value of � = 0:4 is commonly used. Also, it is well known for general

thin-�lm mirror designs with absorbing �lms and for EUV designs, that a gradual varia-

tion of the partition ratio through the stack with � = 0:3� 0:4 at the surface to � = 0:5

near the substrate can increase the peak re�ectance. Such optimized stacks would yield

signi�cant throughput enhancements in a nine-mirror optical system.

Up to date, there are several ways to increase the re�ectance for Mo/Si multilayer

which is the most common re�ectors in soft x-ray range :

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

(2) One material with better optical constants (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 � of

each pair, and its thickness of each pair in the multilayer.

(4) Using a capping layer which is inactivate to the thin �lm layer can avoid the

surface oxidation that led to the reduction of re�ectance in multilayers.

Once Spiller [24] showed that quarter-wave stacks of absorbing materials can be used

e¤ectively as optics in the EUV and soft x-ray regions. In the approximation, the highest

re�ectance is achieved with a material pair that has a minimum absorption and a max-

imum di¤erence in the refractive indices among the constituent materials. The theory

of quasi-quarter-wave MLs predicts enhanced EUV re�ectance at 13.5 nm based on the

use of thin �lms of several materials with the largest possible refractive index di¤erences.

However, such MLs have often performed better only in theory. Other factors, such as the

roughness, interdi¤usion, chemical reactivity, and lifetime stability of the layer interfaces,
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also play the important roles in the ML �lm performance. The enhanced re�ectance was

demonstrated and studied in MLs with di¤usion barrier layers, whose primary function

was to suppress interdi¤usion. Re�ectance 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 interdi¤usion 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-re�ectance 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 I0 of incident x-ray and the intensity It

of being transmitted through by the sample.

Figure 3-1: Schematic with the intensity I0 of incident x-ray and the intensity It of being
transmitted through by the sample.
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A narrow parallel monochromatic x-ray beam of intensity I0 passing through a sample

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

dIt = �I0(x) � n � � � dx, (3.1)

where dIt is the change in intensity, I0 is the initial intensity, n is the number of

atoms/cm3, � is a proportionality constant that re�ects the total probability of a photon

being scattered or absorbed and dx is the incremental thickness of material transversed.

When this equation is integrated, it becomes :

It = I0 exp(�n�x), (3.2)

The number of atoms/cm3 (n) and the proportionality constant (�) are usually combined

to yield the linear attenuation coe¢ cient (�). Therefore the equation becomes :

It = I0 exp(��x). (3.3)

where It is the intensity of photons transmitted across some distance x, I0 is the initial

intensity of photons, � is the linear attenuation coe¢ cient, and x is distance traveled.

The linear attenuation coe¢ cient (�) 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

coe¢ cients 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 � 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 coe¢ cient (�) versus wavelength (�)

and we can �nd that � is as a function of � for every material; however, the extinction

coe¢ cient k (the imaginary part of refractive index) is proportional to the linear atten-

uation coe¢ cient � in accordance with Eq. (3.5). The refractive index is complex, the

extinction coe¢ cient introduces a decrease of the amplitude of the waves passing through

the material and phase changes between the incident and successively re�ected waves.

N = 1� � � i� = n� ik,

where 1 � � (n) is the real part of refractive index and � (k) is the imaginary part of

refractive index. And more speci�cally de�nitions are

� = re
�2

2�
Naf

0
2 and � = re

�2

2�
Naf

0
2 �

��

4�
, (3.4)

� = re
2�

Amu
f 01 , (3.5)

where re is classical electron radius, Na is the Avogadro�s number, mu is the atomic mass

unit, and f 01 and f
0
2 are the anomalous dispersion correction factors. And the detail datas

above see Appendix.

Figure 3-2: Schematic progression of the linear absorption coe¢ cient of wavelength.
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Hence, we regard the �gure as a relation chart of extinction coe¢ cient 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 su¢ cient 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, LII, LIII, MI, . . . . . . , corresponding

to the excitation of an electron from the 1s (2s
1/2
), 2s (2s

1/2
), 2p (2p

1/2
), 2p (2p

3/2
), 3s

(2s
1/2
), . . . orbitals (states), respectively. In other words, the absorption e¤ect of mate-

rials would apparently lower and its the key to choose what kind of re�ector would be in

each spetrum.

Figure 3-3: The left side is a simpli�ed 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 coe¢ cient 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 coe¢ cient

is much larger than spacer layer. To choose those materials have large di¤erence of

extinction coe¢ cient but small one is to avoid the incident light would be absorbed

completely, thus the re�ectanec can not be improved. Figure 3-4 [30] is all di¤erent

types of general x-ray re�ectors 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 L2, 3 absorption edge

of Si (12.4 nm), where Mo/Si achieves its best re�ective performance. In addition, the

�rst available sources for EUVL were LPP sources, with good conversion e¢ ciency 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 ML at 11 nm. Hence, the overall integrated re�ectance is

comparable at both 11-nm and 13.5-nm wavelengths. The broader peak width at 13.5

nm also relaxes speci�cations for optic-to-optic wavelength matching. There are othe

bene�ts associated with operating at 13.5 versus 11 nm.

Figure 3-4: Theoretical multilayer survey: Maximum achieveable normal incidence re-
�ectance 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 re�ectance 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 �rst

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 �lms 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 rate. The �rst EUVL optics sets for 0.1-NA full-�eld systems and 0.3-

NA micro�eld systems were fabricated using magnetron deposition. 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 �nish of EUV

optics and mask substrates. Another technique is pulsed laser deposition (PLD). Other

modes of �lm deposition� though not yet demonstrated� may be possible (e.g., atomic

layer deposition (ALD), molecular beam epitaxy (MBE), and modi�ed 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 coatings 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 �rst-principles cal-

culations, experimental measurements are always recommended as the best method to

accurately determine the refractive index of vapor-deposited thin �lms. 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
SiO2 0.9781 0.0108
Rh 0.8751 0.0312

3.6 Throughput

An EUVL scanner consists of an all-re�ective 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 re�ect at or near the same wavelength to obtain

a substantial output from the system. Any spectral mismatch between the mirrors would

translate to throughput reduction. If a goal is set to match the re�ectance peak position

of all EUVL optics to within �� = �0:05 nm, then in a system with six re�ections,

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

re�ectance 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 re�ectance peak for all points on the optic

surface, then a Mo/Si ML operating at � = 13.5 nm is allowed to have its wavelength

vary to within �� = �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�5 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 re�ectance decrease. Nonetheless,

re�ectance has to be stable within 1% in high volume manufacturing (HVM) lithography

because the optical throughput is proportional to :

Z
m

�
j=1
Rj(�)d�, (3.6)

where R is the re�ectance of them�th multilayer mirror and j is the number of re�ective

mirrors in the EUVL tool (Figure 1-3).

These HVM tools might contain 7 or more re�ective mirrors, and any small change in

re�ectance 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 di¤erent 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]

�lms (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.

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

Re�ectance 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 re�ective multilayer

structures are used for applications as masks as well as mirrors in exposure systems.

Re�ectance 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 re�ectance 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-�lm multilayer re�ectors

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 re�ectance in the

11:3 � 11:6 nm and 13:0 � 13:6 nm spectral regions, respectively. The re�ector designs

are composed of distributed Bragg re�ectors resembling quarter-wavelength stacks with

constant �lm 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 re�ectance of R � 78% for the Mo/Be stack and R � 74% for the Mo/Si stack.

These re�ectance values which are among the best for multilayer re�ectors in the EUV

region, although adequate for optical systems with a few re�ectors, will dramatically

diminish the output optical intensity to 6�10% of that directly before the �rst mirror.

The signi�cance of nine near-normal incidence mirrors is that the number envisaged for

an EUV lithography system: two in the illumination optics, six in the imaging optics

plus the re�ecting reticle. It is evident that even a small increase of 1�2% in the peak

re�ectance of a single mirror will yield a signi�cant light throughput enhancement in the

optical system.

For Bragg re�ectors with non-absorbing �lms the optimum optical path di¤erence

within each �lm would be a quarter-wavelength. However, a particular problem in the

EUV region is that all useful materials absorb the radiation to a certain degree. To

reduce the e¤ect on the re�ectance 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 dh (commonly called the

absorber layer) is set slightly lower than that of the low absorption layer dl (commonly

called the spacer layer); thus the partition ratio � = dh=(dh + dl) of the multilayer is

de�ned. 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 re�ectance 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 re�ectance 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 re�ective 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 re�ective

multilayer structure. The thickness ratio has a most signi�cant 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 re�ected light is critical for re�ectance and throughput.

Figure 4-1: The simple schematic illustration of an EUVL projection system.

Figure 4-2: The schematic diagram of the Mo/Si multilayer.
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4.2.2 Re�ectance 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 :

Mj =

24 cos �j
i
�j
sin �j

i�j sin �j cos �j

35 , j = 1; 2; 3 � � � ;m

where

�j =
2�Njdj�j

�
,

is the phase thickness expressed in terms of the refractive index Nj and the physical

thickness dj of the layers, wavelength �, and the angle of internal refraction �j. The

optical admittances :

�j = �j cos �j (TE pol.)

�j =
�j
cos �j

(TM 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 interdi¤usion 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 re�ectors.

In order to reduce the e¤ect on the re�ectance 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 dh is

set slightly lower than that of the low absorption layer dl. Thin �lm multilayer coatings

greatly increase the re�ection from surfaces in multi-element layer by making use of

phase changes and the dependence of the re�ectance on index of refraction. The idea

behind multilayer coatings is that the creation of an interface by means of a thin �lm gives

multiple re�ected 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 re�ection from every interface in phase. This gives constructive interference between

every re�ection, all the re�ections add together and a quarter-wave stack of enough layers

acts as a mirror at the wavelength �. To maintain the phenomenon of standing wave

in conventional high re�ective 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 re�ectance.

A quarter-wave layer is one which

N � d = �=4,

where N = refractive index of thin �lm, d = thickness of thin �lm, and � = wavelength

of light used. Hence, we made the total thickness of multilayer equal to the quarter-wave

layer and adjusted the thickness of Mo and Si layer, and the re�ectance results are listed

in Table 4.1. As seen in Table 4.1, it is appear that the re�ectance at 13:5-nm wavelength

is coparison of the quarter-wave stack and �ne-tuned Mo/Si multilayer structure which

is used the way to adjust the layer thickness gradually. The �ne-tuned Mo/Si multilayer

structure is a 40 pair Mo/Si system (dMo = 3:4 nm and dSi = 3:6 nm), yeilds a maximum

re�ectance around 71:25% of 13:5-nm wavelength, a peak re�ectance 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: Re�ectance versus individual thickness of Mo and Si layer.

dMo (nm) dSi (nm) Pair Number R� = 13.5nm (%) Rpeak (%) (�peak)
quarter-wave stack 3.65 3.38 40 69.89 71.50 (13.62 nm)
�ne-tuned Mo/Si 4.0 3.0 40 69.55 69.55 (13.50 nm)
�ne-tuned Mo/Si 3.9 3.1 40 70.12 70.16 (13.52 nm)
�ne-tuned Mo/Si 3.8 3.2 40 70.56 70.71 (13.53 nm)
�ne-tuned Mo/Si 3.7 3.3 40 70.88 71.20 (13.55 nm)
�ne-tuned Mo/Si 3.6 3.4 40 71.10 71.64 (13.57 nm)
�ne-tuned Mo/Si 3.5 3.5 40 71.22 72.02 (13.58 nm)
�ne-tuned Mo/Si 3.4 3.6 40 71.25 72.34 (13.60 nm)
�ne-tuned Mo/Si 3.3 3.7 40 71.19 72.61 (13.61 nm)
�ne-tuned Mo/Si 3.2 3.8 40 71.03 72.83 (13.62 nm)
�ne-tuned Mo/Si 3.1 3.9 40 70.77 73.00 (13.64 nm)
�ne-tuned Mo/Si 3.0 4.0 40 70.40 73.10 (13.65 nm)
�ne-tuned Mo/Si 2.9 4.1 40 69.92 73.12 (13.67 nm)
�ne-tuned Mo/Si 2.8 4.2 40 69.31 73.15 (13.68 nm)
�ne-tuned Mo/Si 2.7 4.3 40 68.54 73.08 (13.69 nm)
�ne-tuned Mo/Si 2.6 4.4 40 67.61 72.94 (13.70 nm)
�ne-tuned Mo/Si 2.5 4.5 40 66.46 72.73 (13.71 nm)
�ne-tuned Mo/Si 2.4 4.6 40 65.06 72.44 (13.72 nm)
�ne-tuned Mo/Si 2.3 4.7 40 63.36 72.05 (13.73 nm)
�ne-tuned Mo/Si 2.2 4.8 40 61.28 71.57 (13.74 nm)
�ne-tuned Mo/Si 2.1 4.9 40 58.73 70.98 (13.75 nm)
�ne-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 �ne-tuned multi-

layer structure, the re�ectance at 13:5-nm wavelength is increased from 69:89% to 71:25%;

the peak re�ectance is increased from 71:50% at 13.62 nm to 72:34% at 13.60 nm, too. In

order to �nd the maximum re�ectance, we also calculated the re�ectance as the function

of pair number in the multilayer and the result is shown in Figure 4-4. As a conse-

quence, we could �nd the maximun re�ectance with 54 pair �ne-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 re�ectance at 13:5-nm wavelength is 71:65% and

the peak re�ectance 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 spectral response for quarter-wave stack and �ne-tuned Mo/Si ML struc-
ture.

Table 4.2: The maximum re�ectance at 13.5-nm wavelength of �ne-tuned Mo/Si ML
structure with an increasing pair number.

Pair Number Rmax (%) Pair Number Rmax (%)
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.

dMo (nm) dSi (nm) Pair Number R� = 13.5 nm (%) Rpeak (%) FWHM (nm)
quarter-wave stack 3.65 3.38 40 69.89 71.50 0.753
�ne-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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Figure 4-4: The re�ectance versus the pair number for the �ne-tunedMo/Si ML structure.

12.0 12.5 13.0 13.5 14.0 14.5 15.0
0

10

20

30

40

50

60

70

80

[Mo/Si]54

Rλ = 13.5 nm = 71.65 %
FWHM = 0.710 nm

[Mo/Si]40

Rλ = 13.5 nm = 71.25 %
FWHM = 0.758 nm

[Mo/Si]40

Rλ = 13.5 nm = 69.89 %
FWHM = 0.753 nm

Re
fle

ct
an

ce
 (%

)

Wavelength (nm)

quarterwave stack
finetuned Mo/Si ML
Mo/Si ML

Figure 4-5: The spectral re�ectance comparison of the quarter-wave stack, �ne-tuned
Mo/Si ML structure and Mo/Si ML structure.
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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 interdi¤usion processes and the roughness development signi�cantly reduce

the re�ectance. One of the reasons for the disagreement between the achievable exper-

imental re�ectance 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 at interfaces can be decreased by using appropriate di¤usion 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 interdi¤usion layer formed

between Mo and Si layers due to ion implantation or thermal di¤usion may cause the

deviation of the designed thickness and increase the absorption of the multilayers unex-

pectedly. Ru, B4C, or C material will be used as the barrier layer material to constrain

the interdi¤usion 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 re�ected electromagnetic waves generates a standing wave �eld 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 �eld is distributed to maximize interference

of re�ected components by multi-re�ection inside each layer). Considering the amplitude

of this standing wave as shown in Figure 4-6 the nodes and antinodes are at �xed positions

of the multilayer stack. At the interface Mo-on-Si, the additional absorbing barrier layers

will only weakly a¤ect the electric �eld and the EUV re�ectance. 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 di¤erent barrier layers with

respect to a highest possible EUV re�ectance of the appropriate periodic con�gurations.

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

4.3.2 Re�ectance Optimization with Di¤erent Barrier Layers in

a Mo/Si Multilayer Structure

In extreme ultraviolet lithography, the multilayer re�ectance and the thermal stability

strongly depends on the di¤usion 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 re�ectance is over 70% for the barrier layer thickness d � 1:2 nm.

Nevertheless, a �nal decision has to consider the suitability of the particular material as

an di¤usion and reaction between the individual layers of Mo and Si.
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Figure 4-7: Calculations of EUV re�ectance depending on the thickness of B4C, C, and
Ru barrier layers at the Mo-on-Si interface.

Consider the �eld intensity at the layer interfaces, the standing wave �eld has antin-

odes at Si-on-Mo interfaces and therefore the absorption of barrier layers at this stack

position will strongly a¤ect the EUV re�ectance. 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 re�ectance. Fig-

ure 4-8 shows the 13.5-nm re�ectance 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 �xed pair thickness, results in an optical response that has a

maximum in the re�ectance curve at varying wavelengths in the range of 12�15 nm.
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Figure 4-8: Calculations of EUV re�ectance 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 (dMo) or spacer

layer (dSi) only are shown in Figures 4-9 to 4-12.
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Figure 4-9: Calculations of EUV re�ectance depending on the thickness of B4C, C, and
Ru barrier layers at the Mo-on-Si interface.
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Figure 4-10: Calculations of EUV re�ectance depending on the thickness of B4C, C, and
Ru barrier layers at the Mo-on-Si interface.
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Figure 4-11: Calculations of EUV re�ectance depending on the thicknesses of B4C, C,
and Ru barrier layers at the Si-on-Mo interface.
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Figure 4-12: Calculations of EUV re�ectance 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 di¤usion barrier layers

for enhancement of the re�ectance. The detailed parameters and the corresponding

re�ectance 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 B4C/Mo/Si ML structure at
Mo-on-Si interface.

dB4C (nm) dMo (nm) dSi (nm) R� = 13.5 nm (%) Rpeak (%) (�peak)
0.2 3.4 3.6 31.51 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)
0.2 3.3 3.5 71.60 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 (%) Rpeak (%) (�peak)
0.2 3.4 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 3.4 3.4 71.58 72.49 (13.59 nm)
0.2 3.3 3.5 71.61 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 (nm) dMo (nm) dSi (nm) R� = 13.5 nm (%) Rpeak (%) (�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 3.4 3.4 71.47 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 73.74 (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 (%) Rpeak (%) (�peak)
3.4 0.2 3.6 31.31 72.42 (13.99 nm)

Mo/B4C/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)
3.3 0.2 3.5 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.

dMo (nm) dC (nm) dSi (nm) R� = 13.5 nm (%) Rpeak (%) (�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 (%) Rpeak (%) (�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 �ne structure Ru/Mo/B4C/Si. Calculations of the thickness with di¤erent

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/B4C/Si ML struc-
ture.

dRu (nm) dMo (nm) dB4C (nm) dSi (nm) R� = 13.5 nm (%) Rpeak (%) (�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/B4C/Si 1.4 3.4 0.2 3.6 �1% �3%
1.4 2.6 0.2 2.8 68.38 69.26 (13.43 nm)
1.4 1.8 0.2 3.6 72.61 73.64 (13.60 nm)
1.4 3.4 0.2 2.0 29.69 59.64 (13.25 nm)
1.4 2.0 0.2 3.6 53.86 73.29 (13.96 nm)

Based on Table 4.6, by choosing dRu = 1:4 nm, dMo = 2:0 nm, and dSi = 3:6 nm,

we could achieve a higher re�ectance 73.04% at 13.5-nm wavelength, a peak re�ectance

73.74% at 13.58 nm with Ru/Mo/Si multilayer structure, and a FWHM of 0:829 nm as

shown in Figure 4-13. Likewise, based on Table 4.7 with dB4C = 0:2 nm, dMo = 3:3 nm,

and dSi = 3:5 nm, we could achieve a higher re�ectance 71.16% at 13.5-nm wavelength,

a peak re�ectance 72.42% at 13.61 nm with Mo/B4C/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 dRu = 1:4 nm, dB4C = 0:2 nm, dMo = 1:8 nm, and dSi = 3:6 nm, we could

achieve a higher re�ectance 72.61% at 13.5-nm wavelength, a peak re�ectance 73.64% at

13.60 nm with Ru/Mo/B4C/Si multilayer structure, and a FWHM of 0:837 nm as shown

in Figure 4-13. These spectral re�ectance comparison are all shown in Figure 4-13. We

have also investigated re�ectance dependency on each thin-�lm thickness, and the results

are listed in Tables 4.11 - 4.15. With dRu = 1:4 nm, dB4C = 0:2 nm, dMo = 1:9 nm, and

dSi = 3:5 nm, we have achieved a higher re�ectance 72.62% at 13.5-nm wavelength, a

peak re�ectance 73.30% at 13.58 nm with Ru/Mo/B4C/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 re�ectance seems to be Ru/Mo/Si

multilayer structure, we should consider the experimental process to choose the useful

Ru/Mo/B4C/Si multilayer structure.
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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 (%) Rpeak (%) (�peak)
1.2 1.8 0.2 3.8 72.29 74.12 (13.63 nm)

Ru/Mo/B4C/Si 1.2 1.9 0.2 3.7 72.48 73.87 (13.61 nm)
1.2 2.0 0.2 3.6 72.57 73.56 (13.59 nm)
1.2 2.1 0.2 3.5 72.55 73.20 (13.57 nm)

Table 4.12: 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 (%) Rpeak (%) (�peak)
1.3 1.8 0.2 3.7 72.50 73.91 (13.62 nm)

Ru/Mo/B4C/Si 1.3 1.9 0.2 3.6 72.60 73.61 (13.59 nm)
1.3 2.0 0.2 3.5 72.60 73.27 (13.58 nm)
1.3 2.1 0.2 3.4 72.48 72.86 (13.55 nm)

Table 4.13: 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 (%) Rpeak (%) (�peak)
1.4 1.7 0.2 3.7 72.49 73.91 (13.61 nm)

Ru/Mo/B4C/Si 1.4 1.8 0.2 3.6 72.61 73.64 (13.60 nm)
1.4 1.9 0.2 3.5 72.62 73.30 (13.58 nm)
1.4 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 (%) Rpeak (%) (�peak)
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)
1.5 1.8 0.2 3.5 72.61 73.31 (13.58 nm)
1.5 1.9 0.2 3.4 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.

dRu (nm) dMo (nm) dB4C (nm) dSi (nm) R� = 13.5 nm (%) Rpeak (%) (�peak)
1.6 1.5 0.2 3.7 72.38 73.81 (13.62 nm)

Ru/Mo/B4C/Si 1.6 1.6 0.2 3.6 72.52 73.57 (13.60 nm)
1.6 1.7 0.2 3.5 72.57 73.28 (13.58 nm)
1.6 1.8 0.2 3.4 72.50 72.92 (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.

dBL (nm) dMo (nm) dSi (nm) R� = 13.5 nm (%) Rpeak (%)
Ru/Mo/Si dRu = 1:4 2.0 3.6 73.04 73.74 (13.58nm)
Mo/B4C/Si dB4C = 0:2 3.3 3.5 71.16 72.42 (13.61nm)

Ru/Mo/B4C/Si dRu = 1:4 dB4C = 0:2 1.8 3.6 72.61 73.64 (13.60nm)
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Figure 4-13: The spectral re�ectance comparison of the Ru/Mo/Si ML structure,
Mo/B4C/Si ML structure, and Ru/Mo/B4C/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) R� = 13.5 nm (%) Rpeak (%)
Mo/Si 0 3.4 3.6 71.65 72.91 (13.61 nm)

Ru/Mo/B4C/Si dRu = 1:4 dB4C = 0:2 1.9 3.5 72.62 73.30 (13.58 nm)
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Ru/Mo/B4C/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 �rst ex-

tracted information on densities (�), delta (�), beta (�), 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 re�ectance 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, interdi¤usion, 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 re�ectance 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 e¤ect. 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 is associated with a phase

transition from amorphous to crystalline structure in Mo layers. Roughness of interfaces

is yet another imperfection that lowers the multilayer re�ectance. 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 re�ectance of EUV multilayers was to engineer the

interfaces to minimize the silicide formation. The idea is to limit the interdi¤usion of Mo

and Si by using a third material as a di¤usion 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 re�ectance [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 re�ectance peak did not always coincide with 13.5-nm wave-

length due to di¤erent optical constants of the capping layers, it has been reported three
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numbers in tables in Appendix C [51] : re�ectance at 13.5 nm (R� = 13.5 nm), the peak

wavelength corresponding to the maximum re�ectance ( �max), and the maximum value

of re�ectance at peak wavelength (Rmax). The maximum peak re�ectance and the 13.5

nm re�ectance are typically o¤ by only �0:1 nm and the di¤erence in re�ectance 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 re�ectance

and the re�ectance 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 re�ectance for the entire �lm stack of 1% or less, and 2% or less was allowed for

compounds. The di¤erent 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]. Re�ectance calculation results for non-gaseous elemental

and compound materials that meet these criteria are summarized in Tables [51], respec-

tively. Negative values for 4R = 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 re�ectance. Complete results of the re�ectance 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 perspective, 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 other aspects, it is surely recommended

to fabricate �lms 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

�lms when exposed to atmospheric air. The �lms 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 �rst stage, due to rapid

oxidation, hydroxide, or carbonate formation which can compromise the �lm�s opticals.

Even �lms that are not completely oxidized will still be a¤ected by air exposure. Film
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microstructure will a¤ect the reactivity. Then, considering the �lms�reactivity during

exposure to background vacuum gases (mainly H2, H2O, CO, CO2, and CnH2n+2). In-

cluding deposition of carbon, reactions would accelerate growth of oxides, hydroxides,

carbides, and oxycarbides, etc. And the e¤ects 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 a¤ected 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 e¤ective for cleaning both C and O from certain

surfaces [51].

The following non-gaseous elements are considered; they are identi�ed by their row

of the periodic table as shown in Figure 4-15 [51]. All of these have favorable optical

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

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

2nd row : Li, Be, B, C

3rd row : Si, P, S

4throw : K, Ca, Sc, Ti, V

5th row : Rb, Sr, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd

6th 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 �lms with these materials

deposited in vacuum can undergo air exposure and remain metallic. In addition, they do

not react signi�cantly with H2O vapor. Ru forms ultrathin oxide �lms 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 bene�ts 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 �lm can

be sputter-deposited onto a Mo/Si multilayer mirror, but �lms 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 �lm morphology is a¤ected by subsequent reaction

with background gases.

Based on the above information and all review papers mentioned, and with little

knowledge of �lm 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 Re�ectance Optimization for the Interface-EngineeredMul-

tilayer Structure with a Capping Layer

The re�ectance of EUV multilayer structures can be degraded signi�cantly 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 e¤ect 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 overcome the problem of surface contamination and oxidation, the use of

a protective capping layer has been investigated [54]. It is crucial to �nd a capping-layer

material that is oxidation-resistant, forms a sharp and stable interface with the material

underneath, and has good optical 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 re�ectance due

to a higher absorption 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 re�ectance in the case of multilayers containing Ru

or Rh capping layer, the opposite is for multilayer containing SiO2 or Pt capping layer

(Unfortunately, it is generally recognized that an SiO2 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 re�ectance, while a

thicker �lm can result in a fast drop of re�ectance. 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 su¢ cient 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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Figure 4-16: The re�ectance versus the capping thickness with di¤erent kinds of materials
on Ru/Mo/B4C/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 re�ectance is 73.86% with Ru/Mo/B4C/Si multilayer structure,

and a FWHM of 0.845 nm. Figure 4-17 shows the re�ectance versus the thickness of the

capping layer and the results shows that there is an optimized thickness. And the detailed

parameters of di¤erent 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 re�ectance 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 dRu = 1:4 nm, dB4C = 0:2 nm, dMo = 1:9 nm and dSi = 3:5 nm with 2.0-

nm Ru as a capping layer to achieve a better re�ectance 73.86% at 13.5-nm wavelength,

a peak re�ectance 74.42% at 13.57 nm, and a FWHM of 0.845 nm.
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Figure 4-17: The re�ectance versus the capping thickness with the Ru/Mo/B4C/Si ML
structure and Ru as the capping material.
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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/B4C/Si ML 0 dRu = 1:4 dB4C = 0:2 1.9 3.5 72.62
Ru capped Ru/Mo/B4C/Si ML 2.0 dRu = 1:4 dB4C = 0:2 1.9 3.5 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 re�ectance

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

re�ectance in a realistic lithography tool environment. The optics used to re�ect and

focus 13:5-nm wavelength (� 92 eV) EUV radiation are Mo/Si multilayer mirrors which

function in 10�5 Pa vacuum 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 di¤erent capping layers to avoid re�ectance degrading in the presence of EUV light

and water vapor. In this study we addressed the re�ectance loss due to interdi¤usion and

oxidation; the best design was observed on Ru-capped multilayers with a Ru/Mo/B4C/Si

ML structure between the Ru capping layer and the Si substrate. Longer exposures in

di¤erent environments are necessary to test lifetime stability over many years. Coating

the multilayers with thin (2 nm) capping layer �lms can reduce build-up of contamination

(mostly oxides, carbon �lms).

In the design, we �rst 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 re�ectance at 13:5-nm wavelength is 69:89%, the peak re�ectance

is 71:50% at 13:62 nm, and the full-width-at-half-maximum (FWHM) is 0:753 nm. The
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�ne-tuned multilayer stack for a 40 pair Mo/Si system (dMo = 3:4 nm and dSi = 3:6 nm)

yeilds a maximum re�ectance around 71:25 % at 13:5-nm wavelength, a peak re�ectance

of 72:34% at 13.60 nm, and a FWHM of 0:758 nm. Based on the structure, we also

investigated the in�uence of the pair number, then we could �nd the maximum re�ectance

with 54 pair �ne-tuned Mo/Si multilayer structure (called Mo/Si ML structure) and still

keeping the same re�ectance even with more pairs. For the 54 pair structure, Mo/Si

ML structure�s re�ectance at 13:5-nm wavelength is 71:65% and the peak re�ectance

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

dRu = 1:4 nm, dB4C = 0:2 nm, dMo = 1:9 nm, and dSi = 3:5 nm, we could achieve a

higher re�ectance 72:62% at 13:5-nm wavelength and peak re�ectance 73:30% at 13.58

nm with Ru/Mo/B4C/Si ML structure and a FWHM of 0:828 nm. Although the higher

re�ectance 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 dRu = 1:4 nm, dB4C = 0:2 nm, dMo = 1:9 nm, and dSi = 3:5

nm with 2:0-nm Ru as a capping layer to achieve a better re�ectance 73:86% at 13:5-nm

wavelength, a peak re�ectance 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

re�ectance has been improved and the thermal 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-re�ective coating layer) should be studied.
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