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Abstract 
 
We present a new multilayer anti-reflective coating (ARC) optimization method. We have 
developed a software which allows the optimization of ARC consisting of up to 20 layers on 
any substrate with incident light integration over the aperture of lithography objectives and 
diffraction effects. The optimization includes not only the determination of optimal layer 
parameters (i.e. optical constants n and k, and thickness d) for minimized back-to-resist 
reflection (R12) of exposing light but also the determination of appropriate intervals of 
parameters corresponding to values smaller then desired values of R12. By this way the 
calculation of the process window of technological parameters is essentially improved. The 
optimization procedure delivers the  process parameter for the deposition process determining 
the characteristics for the ARC layer, namely flow ratio of the source gases, for different ARC 
layers using optical constants obtained by spectroscopic ellipsometry and reflection 
spectroscopy. 
Based on these results the optical constants, thickness and corresponding compositions of low 
pressure (LP) chemical vapor deposition (CVD) silicon-rich nitride (SiNx), plasma-enhanced 
(PE) CVD silicon-rich nitride (SiNx), and silicon-rich oxynitride  (SiNxOy) were obtained. 
The optimized films fulfill the anti-reflective requirements for ArF (λ=193 nm), 
KrF (λ=248 nm) laser and i-line (λ=365 nm) lithography. X-ray photoelectron spectroscopy 
was applied for determination of the film composition. As an example, results of single layer 
ARC optimization for gate film stack and multi layer ARC optimizations for emitter window 
and metallization film stack are presented.  
 
1.   Introduction 
 
The well-known thin-film interference effect in photoresist is caused by reflection from the 
substrate which is determined by the optical constants of the photoresist materials and 
substrates [1]. The interference effect leads to a variation of absorbed energy in the resist, 
which results in a strong fluctuation of line width. In order to prevent this line width 
fluctuations, the reflectivity in to  the resist should be minimized by using high-performance 
anti-reflective coatings (ARC), which can be easily matched to the actual device process [2-
4]. 
Silicon oxynitride (SiOyNx) [5]-[11] and silicon-rich nitride (SiNx) [11] are very useful ARC 
materials, whose n and k values lie between the refractive indices of Si, SiO2 and Si3N4 and 
are tunable by changing the composition (x, y). 
For these materials we had optimized the antireflective multilayer systems for high-resolution 
lithography with high numerical aperture of the lithography lens (NA), high illumination 
aperture (NAill), under consideration of the diffraction effect. 
 
2.   ARC materials (SiNx and SiNxOy) characterization 
 
PECVD SiNx and SiNxOy layers were deposited using a parallel-plate system CENTURA 
(Applied Materials Inc.) at 400°C with different SiH4/N2O and SiH4/NH3 gas flow ratios 
(GFR). The LPCVD SiNx layers were deposited in a standard vertical batch system A400 



(ASM Inc.) at ≥ 700°C with variable SiH2Cl2/NH3 GFR. The films were deposited on p-type 
Si (100) wafers. 
X-ray photoelectron spectroscopy (XPS) measurements performed by PHI 5600 tool were 
applied for composition  characterization. Spectroscopic ellipsometry (SE) and reflection 
spectrometry  were used for the determination of optical constants n and k. These 
measurements were done using automated spectroscopic ellipsometer UV1280 (KLA-
TENCOR) in the wavelength range of 240-800 nm and OPTIPROBE (Therma-Wave Ltd.) in 
the wavelength range from 190-800 nm. For determination of the ARC dispersion models the 
thicknesses were additionally verified by X-ray reflection analysis. 
Figure 1 shows the refractive indices n, k vs. GFR for LPCVD SiNx (a), PECVD SiNx (b) and 
PECVD SiOxNy. Evaluating the data presented in Fig. 1 for constant wavelength (193, 248 
and 365 nm) analogous Fig. 6 the following results has been obtained. The refractive indices 
are strongly affected by the mole ratio in the source gas. For all materials we found that 
increasing of the silicon components (SiH4 or SiH2Cl2) in the GFR the red shift of absorption 
edge is observed. At the wavelengths of 193 nm and 248 nm the real part n first increases with 
increasing silicon portion. For higher silicon portions n decreases because the relatively small 
refractive index of Si becomes more and more dominating.   
Fig. 2 presents the composition obtained by XPS as function of the GFR . With increasing of 
SiH4 or SiH2Cl2 component the content of the silicon increases. SiNxOy films show an 
increasing silicon content accompanied by decreasing oxygen and relatively constant nitrogen 
content with increasing SiH4  (Fig. 2).  
This is in correlation to the optical properties (Fig. 1).  The optical data indicate a material 
with decreasing optical gap which is caused by the increased Si content [12], [13]. The result 
can be explained taking into consideration more Si-Si bonds and by this, diminishing 
structural disorder [12], [14], and a lower number of Si-O-Si bonds [11].  
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Fig. 1. Optical parameters (n and k) vs. wavelength (λ) for SiNx-based ARC materials 
 

0 5 10 15 20
40

50

60
LP CVD SiNx

N

Si

 

 

C
on

ce
nt

ra
tio

n 
[a

t. 
%

]

SiH2Cl2/NH3

2.50 2.75 3.00 3.25 3.50 3.75 4.00
40

50

60
PE CVD SiNx

N

Si

 

 

SiH4/NH3

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

10

20

30

40

50

60

70

O

Si

N

PE CVD SiOxNy

 

 

SiH4/N20

Fig. 2. The atomic concentrations of Si, N and O measured by XPS vs. gas flow ratios for 
SiNx-based ARC materials 

 



3.   ARC Optimization Method 
 
The  software has been developed to calculate the reflectance of the resist surface (R01) and 
the reflection from the interface resist/substrate (R12) by using the matrix method based on the 
Maxwell’s equations [15, 16].  
Assuming that the angle of incidence α+α’ caused by the optical system and the object 
diffraction is determined by the field in the pupil (Fig.3), it can be shown that the electric field 
weighted reflection is given by equation: 
 
Ri s,p = ∫Source∫Pupil |F{Us,p(x)}|2  Is,p(α)  R′i s,p (α′+α) dα′dα /∫Source∫Pupil |F{Us,p(x)}|2  Is,p(α) dα′dα, 
 
where R′i s,p (α′+α) =r′is,p2. 

(1)

 
The imaging process of the object field in the pupil can be described as Fourier transforms 
F{Us,p(x)}, according to Hopkins’s image model [17]. This process is illustrated by Fig. 3. If 
the diffraction is low (such as single line) or the coherence parameter σ ≈ 1 
(σ = NAill / NA = ρill/ρpup, NA: lens aperture, NAill: illumination aperture) we can neglect the 
diffraction: 
 
Ri s,p = ∫Source Is,p(α)  R′i s,p (α)dα / ∫SourceIs,p(α)dα (2)
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Fig. 4. Interface resist/substrate reflection (R12) vs. ARC (n=2.45, k=0.68) thickness at 
λ=248.4 nm (Resist UV210: n=1.757, k=0.0095): 
a) R12 obtained by Eq. (1) without and with consideration of 0.18µm line and spaces 
diffraction (NA=0.9, NAill=0.1, substrate: SiO2 (100 nm) /Poly-Si); 
b) R12 obtained by Eq. (2) (NA=0.9, NAill=0.1 and 0.8, substrates: SiO2 (100 nm) / Poly-Si and 
Poly-Si). 
 
Fig. 4 shows some important results of R12 vs. ARC thickness simulations. When using SiO2 
below the ARC the reflection minimum is clearly shifted. Variation of diffraction by using 
different mask structures does influence the minimum position, too (Fig. 4a). Also NAill 
affects the minimum position, whereas no markedly effect is observed for oxide-free layer 
stack (Fig. 4b). Generally, diffraction and NAill have to be considered for relatively thick 
interference capable layers such as ARC, SiO2 and/or Si3N4 films. 
The  software allows the optimization of ARC consisting of up to 20 layers on any substrate. 
The optimization includes not only the determination of optimal layer parameters (i.e. optical 
constants n and k, and thickness d) for minimized back-to-resist reflection (R12) of exposing 
light but also the determination of appropriate intervals of parameters corresponding to values 
smaller then desired values of R12. By this way the calculation of the process window of 
technological parameters is essentially improved. The optimization procedure delivers the 
process parameter for the deposition process determining the characteristics for the ARC 
layer, namely flow ratio of the source gases, for different ARC layers based on measurements 
of optical constants. 
 
4.   Results 
4.1. Gate Stack ARC optimization for KrF lithography (λ=248.4 nm) 
 
Fig.6 shows the measured k as function of n for KrF light exposure for different ARC 
materials (LPCVD SiNx, PECVD SiNx and PECVD SiNxOy) which were prepared by varying 
the GFR during deposition. The simulated curves of optical constants are also shown in this 
figure for the 1st and 2nd interference order minimum (as example, see Fig.7) with intervals of 
tolerance corresponding the R12<1% for the gate stack (Fig.5).  



The crossing points of simulated 1st and 2nd order reflection interference minimum with the 
measured k(n) curves are the optimal optical solutions. The first order optimum of optical 
parameters for ARC layers are marked (x) in Fig.6 and presented in Table 1. For example, for 
PECVD SiNx we estimated a process window for R12<1%: 2.45<nARC<2.48, 0.52<kARC<0.88, 
3.3<GFR<5, 20nm<dARC<26nm. 
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Fig. 6. Measured k values as function of n for 
different ARC materials obtained at different 
GFR, and simulated k(n) for 1st-2nd 
interference order of R12min with intervals of 
tolerance R12<1% for gate stack. 
(NA=0.82, σ=0.85 λ=248.4nm). 
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Fig. 7. R12 vs. d(ARC) at λ=248.4 nm for 
gate stack. Resist UV210: n=1.757, 
k=0.0095 

 
 
Table 1: Optimization results for different ARC films on gate film stack for 248.4nm 
lithography (NA=0.82, σ=0.85). 

ARC layer n(ARC) k(ARC) d(ARC) 
 nm 

Si 
 % 

O 
% 

N 
 % 

gas flow ratio 

ARC optimum 2.31 0.67 25.4 - - - - 
LPCVD SiNx 2.6 0.68 20 54 - 44 SiH2Cl2/NH3 = 18.6 
PECVD SiNxOy 2.12 0.647 30 34 52 16 SiH4/N2O = 0.5 
PECVD SiNx 2.45 0.68 23 52.5 - 47.5 SiH4/NH3 = 4 

Resist 

ARC 

Gate Oxid 
Poly Si 

Silicon 

R12 

Fig. 5. Schematic cross section of the gate stack. 



 
4.2. Gate stack ARC optimization for ArF lithography (λ=193 nm) 
 
Fig. 8 shows optimal optical constants of PECVD SiNxOy layers (n=1.94, k=0.68, d=23nm) 
for ArF light exposure and the 1st order solutions for conventional optics for minimum back 
reflection in the resist R12min for gate stack (Fig. 5). The influence of the immersion for 
conventional illumination (optimal optical constants of PECVD SiNxOy layers: n=1.96, 
k=0.63, d=25nm) and annual illumination (NAill=2/3annular, optimal optical constants of 
PECVD SiNxOy layers: n=1.96, k=0.59, d=26nm) are demonstrated too.  
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Fig. 8. Measured k vs. n at 
wavelength 193 nm for PECVD 
SiNxOy deposited at different GFR, 
and simulated k(n) for 1st interference 
order of R12min for gate stack 
(Resist/ARC/poly-Si). 
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4.3. Multilayer ARC optimization for metallization stack for KrF lithography  
 
Figure 10 and Table 2 show the 1st order R12 reflection minimum of metallization film stack 
(Fig. 9) with different ARC materials for KrF light exposure as an example of 3 layers 
optimization. The Ti and TiN thicknesses and the ARC layer parameters were optimized. The 
solution for theoretical ARC optimum is presented too.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2: Optimization results for different ARC films on metallization film stack.  
 

 ARC layer n(ARC) k(ARC) d(ARC) 
 nm 

d(TiN) 
 nm 

d(Ti) 
 nm 

gas flow ratio 

ARC optimum 2.22 0.31 22.0 15.5 21.5  - 
PECVD SiNxOy 2.02 0.35 29.5 14.5 20 SiH4/N2O = 0.39 
PECVD SiNx 2.44 0.24 17 16.5 21 SiH4/NH3 = 2.7 

ARC 
TiN
Ti
Al

Resist 
R12 

Fig. 9.  Schematic cross section of the metallization
stack. 
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Fig. 10. R12 vs. thickness d for 3 
layer metallization stack (resist 
UV210 / SiNxOy / TiN / Ti / Al) 
optimization. 
(NA=0.82, σ=0.85, λ=248.4nm). 
 
 
 

 
 
4.4. Multilayer ARC optimization for emitter window for KrF lithography 
 
For IHP SiGe:C BiCMOS technology we optimize two layers (ARC and SiO2) for emitter 
window patterning. The film stack is shown in Fig. 11. 
The reflection is influenced by two interference capable layers shown in Fig. 12. The ARC 
effect is clearly visible for PECVD SiNx (GFR=4) containing layer stack in contrast to the 
stack containing stoichiometric Si3N4 without antireflective behavior. The thickness 
optimization and the process window results are illustrated by contour maps, shown in Fig 13. 
The process window for the thickness is reduced  for lower allowed back reflection. 
 
 
 
 
 
 
 
 
 

 
Fig. 12. Substrate reflectivity R12 vs. the SiO2 and SiNx thickness (a) and stoichiometric Si3N4 
thickness (non ARC effect) (b) 
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Fig. 11. Schematic cross section of Emitter window stack 

 



 
 
 
 
Fig. 13. Reflectivity contour map of PECVD 
SiNx at GFR=4 for R12≤0.5%, 1% and 2% as 
typical value for an excellent ARC.  
Optical system: NA=0.82, σ=0.85, 
λ=248.4nm 
 

 
 
5.   Summary  
 
We have developed an optimization method for a high performance ARC, which considers 
the optical system of lithography inclusive the diffraction effect. Our developed  software 
allows to optimize a multi-layer ARC film stack and to calculate the process window of 
technological parameters for defined back-to-resist reflection.  
As an application we showed single film ARC optimization for the gate stack for the KrF and 
ArF excimer lithography and multi-layer optimization for emitter window and metallization 
stacks. Our optimizer is well suited for designing multi-component ARC layers. 
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