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Abstract: In the current optical lithography processes for semiconductor 
manufacturing, differently shaped illumination sources have been widely 
used for the need of stringent critical dimension control. This paper 
proposes a technique for in situ measurement of lens aberrations with 
generalized formulations of odd and even aberration sensitivities suitable 
for arbitrarily shaped illumination sources. With a set of Zernike orders, 
these aberration sensitivities can be treated as a set of analytical kernels 
which succeed in constructing a sensitivity function space. The analytical 
kernels reveal the physical essence of partially coherent imaging systems by 
taking into account the interaction between the wavefront aberration and the 
illumination source, and take the advantage of realizing a linear and 
analytical relationship between the Zernike coefficients to be measured and 
the measurable physical signals. A variety of mainstream illumination 
sources with spatially variable intensity distributions were input into the 
PROLITH for the simulation work, which demonstrates and confirms that 
the generalized formulations are suitable for measuring lens aberrations up 
to a high order Zernike coefficient under different types of source 
distributions. The technique is simple to implement and will have potential 
applications in the in-line monitoring of imaging quality of current 
lithographic tools. 
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1. Introduction 

With ever decreasing of feature sizes, lens aberration has become increasingly important for 
the imaging quality control of projection lithographic tools [1–4]. As numerical aperture (NA) 
of current projection lens yields to the manufacturing limit adapting to a higher resolution, it 
is necessary to ensure optical path tolerances on the order of several nanometers over 
extremely large aperture. Therefore, there is a need for the manufactures of lithographic tools 
to develop in situ techniques and systems to accurately measure aberrations up to the 37th or 
even higher-order Zernike coefficient [5–7]. 

Due to the advantage of lower cost and easier implementation in lithographic tools, aerial 
image based techniques have been widely used for the in situ metrology of lens aberrations. 
ASML Corporation has developed an aerial image based technique known as TAMIS (TIS at 
multiple illumination settings), which utilizes a TIS (transmission image sensor) built into the 
wafer stage for receiving the aerial image intensity of the test binary grating mark [8]. The 
Zernike coefficients are calculated directly from the image displacements of the mark at 
multiple NA and partial coherence factor σ settings through a matrix of sensitivities, which is 
a function of the corresponding multiple NA/σ settings. Wang et al recently reported a series 
of TAMIS based techniques to improve the measurement accuracy of coma and even 
aberrations by optimization of the test marks using phase-shifting gratings [9–12]. Although 
the main advantage of TAMIS and its improved techniques is to present a simplified linear 
model in a simple form that can be fully characterized by a matrix of sensitivities, there is no 
compact analytical formulation for the matrix of sensitivities itself. The matrix of sensitivities 
has to be carefully obtained in advance and can be only calculated by lithographic simulators 
or plenty of experimental data. Furthermore, the test marks used in TAMIS based techniques 
are orientated in 0° and 90° or additional directions of 45° and 135°, which maintain high 
sensitivity only to spherical, coma and astigmatism, thus are unable to measure high-order 
aberrations up to the 37th Zernike coefficient. 

In the meantime, Nikon Corporation has proposed a Z37 AIS (aerial image sensor) 
technique which is able to measure aberrations up to the 37th Zernike coefficient by 
introducing a set of 36 binary grating marks with different pitches and orientations [13,14]. As 
these gratings are corresponding to 72 pupil sampling points, the wavefront aberration at each 
sampling point over the pupil plane can be easily obtained by the spectrum of the aerial image 
intensity. However, since obtaining the wavefront at each sampling point requires highly 
coherent illumination, the Z37 AIS technique works best with coherent sources, and is 
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therefore unsuitable for aberration measurement in lithographic tools under partially coherent 
illumination. 

Recently we reported a technique for in situ metrology of lens aberrations up to the 37th 
Zernike coefficient under partially coherent illumination [15]. The technique involves to 
acquire the aerial image intensities of a set of 36 binary gratings with different pitches and 
orientations, and to analyze the through-focus information of the + 1st-order intensity 
spectrum of each binary grating mark. The Zernike coefficients for odd aberration and even 
aberration are easily obtained by calculating the phase shift and the axial shift of the + 1st-
order intensity spectrum with two matrixes of aberration sensitivities respectively. As each of 
the aberration sensitivities is presented in a compact analytical formulation and can be easily 
calculated in advance by numerical method instead of only by a lithographic simulator, this 
technique leads to improved convenience for aberration metrology compared to the widely 
used TAMIS technique. Due to further considering the influence of the partial coherence 
factor on pupil sampling, this technique also overcomes the drawback of Z37 AIS technique 
as the latter only works best under the condition of highly coherent illumination. It is noted 
that for the first demonstration of this technique we just used a conventional source with a 
circular top-hat distribution as the effective illumination source, which is simply characterized 
by the partial coherence factor. However, a variety of off-axis illumination configurations, 
such as annular, dipole, and quadruple sources, which can no longer be simply characterized 
by only one coherence factor, have been widely used for resolution enhancement [16,17], and 
most recently freeform illumination sources were even introduced to help extend the 
resolution limit of current high NA tools [18,19]. In addition, the actual illumination sources 
used in real-world lithographic tools always deviate significantly from a simple top-hat 
distribution, instead they are typically expressed as a smooth function with variable intensity 
distributions such as Gaussian fall-off [20]. Therefore, it is highly desirable to further extend 
our technique into a generalized one that is suitable not only for circular top-hat sources, but 
also for arbitrarily shaped illumination sources with spatially variable intensity distributions. 

In this paper, we extend our technique with generalized formulations suitable for 
arbitrarily shaped illumination sources by further derivation of the analytical aberration 
sensitivities based on the Hopkins theory of partially coherent imaging. The aberration 
sensitivities can be categorized into odd and even types, each of which is presented as an 
aberration sensitivity function determined by independent variables of the Zernike order, 
source distribution and pupil position. With a set of Zernike orders, these aberration 
sensitivities can be considered as a set of analytical kernels which succeed in forming a 
sensitivity function space for aberration measurement under arbitrarily shaped illumination 
sources. By the expansion of measurable information of through-focus images into the 
sensitivity function space, Zernike coefficients up to the 37th order can be conveniently 
obtained by the least-square method. A variety of mainstream illumination sources with 
spatially variable intensity distributions were input into the PROLITH to conduct the 
simulation work in order to validate the proposed generalized formulations. 

2. Theory 

We introduce an effective source function J(rc) to accurately characterize an arbitrarily shaped 
source with spatially variable intensity distributions, where rc is the normalized pupil vector 
that can be expressed in normalized polar coordinates as (rc, θc) or in normalized Cartesian 
coordinates as (fc, gc). According to Hopkins theory of partially coherent imaging [21], the + 
1st-order spectrum of the aerial image intensity for a binary grating object can be formulated 
as: 

 ( ) ( ) ( ){ }1
, , , ; , , ; , .

2m c m c m cI J h TCC J h TCC J h
π

= + −          r r 0 r r r 0 r   (1) 

Here, rm is a vector in the pupil plane, which can be expressed in normalized polar 
coordinates as (rm, θm) corresponding to the pitch and orientation of the binary grating; TCC is 
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transmission cross coefficient given by ( ) ( ) ( ) ( ), ; , , ,c c c c cTCC J h J H h H h d
+∞ ∗

−∞
′ ′′ ′ ′′  = + +  r r r r r r r r r ; 

H(r,h) is the pupil function given by ( ) ( ) ( ), exp , circH h ikW h= −  r r r ; k = 2π/λ is the wave 

number; λ is the wavelength of the monochromatic light source; W(r,h) is the total aberrated 
wavefront given by ( ) ( ) ( ) ( ), odd even defocusW h W W h w= + + ⋅r r r r , which includes the lens odd 

aberration Wodd(r), the lens even aberration Weven(r), and the defocus aberration that is induced 

by another even-type aberration ( ) 221 1defocusw NA= − −r r  multiplied by an axial shift h from 

the ideal focal plane; NA is the image-side numerical aperture of the projection lens. 
The impact of odd aberration and even aberration on imaging is to respectively change the 

phase shift φ[rm,J(rc),h] and amplitude ( ), ,m cI J h  r r  of the image intensity spectrum. After 

through-focus analyzing the + 1st-order spectrum of the aerial image intensity, we can obtain 
a phase shift value φ[rm, J(rc)] of the + 1st-order spectrum at the ideal focal plane 
corresponding to h = 0, and an axial shift value h = D[rm, J(rc)] satisfying the condition 

[ ], ( ), 0m cI J r h h∂ ∂ =r  where the amplitude of the + 1st-order spectrum reaches its maximum. 

Noticing that ( ) ( ) ( )exp , cos , sin ,ikW h kW h i kW h−  =   −       r r r  and considering a small amount of 

aberration W(r, h) in the lithographic tools, we have approximated formulas ( ), ~ 0W hr , 

( )cos , ~ 1kW h  r , and ( ) ( ) ( )tan , ~ sin , ~ ,kW h kW h kW h      r r r , thus we can simplify φ[rm, J(rc)] 

and D[rm, J(rc)] as [15]: 

 ( ) ( ) ( ) ( )
0

, ,m c c odd m c odd c c

S

k
J J W W d

J
ϕ = + −      r r r r r r r   (2) 

 ( ) ( ) ( ) ( ) ( ) ( )
1

1
, ,m c c even m c even c defocus c defocus m c

S

D J J W W w w d
J

 = + − ⋅ − +        r r r r r r r r r r  (3) 

where ( )0 c c

S

J J d=  r r  and ( ) ( ) ( ) 2

1 c defocus m c defocus c c

S

J J w w d = + −  r r r r r ; S is the integral 

region which is determined by the intersection of two different shift pupils and represented in 
normalized Cartesian coordinates (fc, gc) as the shaded area shown in Fig. 1. 

θm

Pupil Range: 

R1=1
Pupil Range: 

R2=1

fc

gc

rm

Effective Source

 

Fig. 1. Representation of the integral region S in normalized Cartesian coordinates. 

By expressing the aberration as a series of Zernike polynomials: 

 ( ) ( )_ _
_

,odd m n odd n odd m
n odd

W Z R= r r   (4) 

 ( ) ( )_ _
_

,even m n even n even m
n even

W Z R= r r   (5) 

where Rn(rm) indicates the nth Zernike polynomial, n_odd and n_even indicate the Zernike 
indexes for odd aberration and even aberration respectively, Eqs. (2) and (3) can be written as: 
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 ( ) ( )_ _
_

, , ,m c n odd n odd m c
n odd

J Z F Jϕ =      r r r r   (6) 

 ( ) ( )_ _
_

, , .m c n even n even m c
n even

D J Z G J=      r r r r   (7) 

We define Fn_odd[rm, J(rc)] and Gn_even[rm, J(rc)] as two sensitivities for odd aberration and 
even aberration respectively, and they have the formulations of: 

 ( ) ( ) ( ) ( )_ _ _
0

, ,n odd m c c n odd m c n odd c c

S

k
F J J R R d

J
 = + −    r r r r r r r   (8) 

 ( ) ( ) ( ) ( ) ( ) ( )_ _ _
1

1
, .n even m c c n even m c n even c defocus c defocus m c c

S

G J J R R w w d
J

   = + − ⋅ − +      r r r r r r r r r r  (9) 

From Eqs. (8) and (9), each of the odd and even aberration sensitivities has a compact 
formulation as a function determined by independent variables of the Zernike order, source 
distribution and pupil position. Although they are quite similar to those derived in our 
previous paper [15], it is obvious that the newly developed formulations are generalized and 
suitable for arbitrarily shaped illumination sources with variable intensity distributions. In fact, 
as we use the partial coherence factor σ to represent a conventional source with a circular top-
hat distribution, Eqs. (8) and (9) will be simplified to have the identical formulations shown as 
Eqs. (20) and (21) in Ref. 15. In addition, with a certain Zernike order, the aberration 
sensitivity can be treated as an analytical kernel for measuring the corresponding Zernike 
coefficient. The amount of each analytical kernel with a fixed source distribution will only 
depends on the position in the pupil plane that is expressed in normalized vector coordinate rm 
or polar coordinates as (rm, θm). 

Figures 2 and 3 depict the analytical kernels respectively for measuring the odd and even 
aberrations from Z2 to Z37 under the smooth conventional illumination shown in Fig. 5. As 
expected, the analytical kernels have the same symmetric properties along the angle θm at a 
fixed rm as the corresponding Zernike polynomials do. Therefore, similar to the Zernike 
polynomials, the analytical kernels can be categorized into 1θm kernels (n_odd = 2, 3, 7, 8, 14, 
15, 23, 24, 34, 35), 3θm kernels (n_odd = 10, 11, 19, 20, 30, 31), and 5θm kernels (n_odd = 26, 
27) for odd aberrations, together with 0θm kernels (n_even = 4, 9, 16, 25, 36, 37), 2θm kernels 
(n_even = 5, 6, 12, 13, 21, 22, 32, 33), and 4θm kernels (n_even = 17, 18, 28, 29) for even 
aberrations. 

2 3 7 8 10 11 14 15 19

20 23 24 26 27 30 31 34 35  

Fig. 2. Characterization of analytical kernels for measuring odd aberrations under the smooth 
conventional illumination shown in Fig. 5. 

4 5 6 9 12 13 16 17 18

21 22 25 28 29 32 33 36 37  

Fig. 3. Characterization of analytical kernels for measuring even aberrations under the smooth 
conventional illumination shown in Fig. 5. 
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It is well known that lens aberrations are always modeled mathematically in the pupil 
plane by the sum of a set of Zernike coefficients multiplying the corresponding Zernike 
polynomials which are completely orthogonal polynomials over the interior of the unit circle. 
Hence, the Zernike polynomials build a linear relationship between the aberration and the 
Zernike coefficients in the pupil plane. According to Eqs. (4) to (7), the proposed analytical 
kernels act in a similar way in Eqs. (6) and (7) as the Zernike polynomials do in Eqs. (4) and 
(5), although these kernels containing information of both the pupil and the illumination 
source are not strictly orthogonal. It is clear that the proposed kernels take the advantage of 
realizing and achieving a linear and analytical relationship between the Zernike coefficients to 
be measured and the measurable physical signals φ[rm, J(rc)] and D[rm, J(rc)], which leads to 
be not only accurate but also efficient for aberration in-line monitoring under arbitrary 
illumination sources. If we concentrate on a set of Zernike coefficient from Z2 to ZN (N is the 
highest concerned Zernike order), the corresponding analytical kernels from Z2 to ZN are able 
to together construct a generalized sensitivity function space. As shown in Fig. 4, after 
obtaining the physical signals from through-focus images by Fourier transform (FT), it is easy 
to map the φ[rm, J(rc)] and D[rm, J(rc)] into the sensitivity function space where the weights of 
corresponding kernel components indicate the Zernike coefficients to be measured, which is 
the essential physical meaning of linear Eqs. (6) and (7). 

 

FT 

Phaseshift 

φ[rm, J(rc)] 

Defocus 

D[rm, J(rc)]

= 

Through-focus Images 

Fj 

Fi 

Fk

φ[rm, J(rc)] 

Gm 

Gl 

Gn

Generalized Sensitivity Function Space Physical Signals 

D[rm, J(rc)] 

 

 

 

Fig. 4. Expansion of φ[rm, J(rc)] and D[rm, J(rc)] in the generalized sensitivity function space. 

For instance, with a set of 36 binary gratings, two sets of 36 linear equations can be 
obtained from Eqs. (6) and (7), and expressed in a matrix notation of Φ = FZodd and D = 
GZeven, where Φ and D are vectors respectively containing the phase shifts and the axial shifts 
of the + 1st-order intensity spectrums at the setting of 36 binary gratings; Zodd and Zeven are 
unknown vectors to be measured, and respectively containing the Zernike coefficients for odd 
aberration and even aberration; F and G are two matrixes of sensitivities for measuring odd 
aberration and even aberration respectively. Since there are more equations than unknowns, 
both two sets of equations become over-determined and Zernike coefficients form Z2 up to Z37 
can be solved by the least-square method. 

3. Simulation 

We applied the lithographic simulator PROLITH to simulate and demonstrate the overall 
measurement performance of the proposed technique. The wavelength used in simulation is 
193nm with a fixed NA of 0.75. As shown in Fig. 5, different types of illumination sources 
commonly used in mainstream lithographic tools were introduced as inputs for simulation. 
The upper row in Fig. 5 shows the smooth sources with variable intensity distributions, 
including conventional (σ = 0.31), annular (σi/σo = 0.4/0.7), dipole (σi/σo/degree = 0.4/0.7/45°), 
and quadrupole (σi/σo/degree = 0.4/0.7/45°) shapes, which were respectively constructed by 
convolving the corresponding top-hat distribution sources shown in the lower row in Fig. 5 
with a Gaussian kernel diffusion length of 0.1 [20]. 
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Fig. 5. Representation of mainstream types of illumination sources with different intensity 
distributions. The upper row: Smooth mainstream illumination sources with a Gaussian blur 
introduced as inputs for the simulation, including conventional, annular, dipole, and quadrupole 
shapes. The lower row: Top-hat mainstream illumination sources including conventional, 
annular, dipole, and quadrupole shapes. 

The matrixes of sensitivities F and G obtained by the generalized formulations are critical 
factors for aberration metrology. For a set of 36 different binary gratings under a certain 
illumination setting, each of F and G contains 18 × 36 elements of sensitivities. We 
numerically calculated these sensitivities using the generalized formulations, and 
subsequently performed comparisons with those simulated by PROLITH. The comparison 
results for the four smooth sources shown in Fig. 5 are depicted in Figs. 6(a) and 6(b) as two 
correlation plots respectively for odd aberration sensitivities and even aberration sensitivities. 
It is observed that the maximum deviations of the odd sensitivities and even sensitivities are 
0.0092 and 0.0079, respectively. These excellent correlations validate that the generalized 
formulations of matrixes F and G are suitable for arbitrarily shaped illumination sources with 
variable intensity distributions. 
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Fig. 6. Correlation plots of aberration sensitivities between analytical calculation and 
PROLITH simulation for the four smooth sources shown in Fig. 4. (a) For odd aberration 
sensitivities, and (b) for even aberration sensitivities. Each of (a) and (b) totally contains 4 × 18 
× 36 dots for the four input sources. 

We performed lots of simulations to further test the accuracy of the proposed technique. 
As an instance, Figs. 7 and 8 depict the simulation result for the smooth quadrupole 
illumination shown in Fig. 5. Here four aberrated wavefront values with Zernike coefficients 
from Z2 up to Z37 were used as inputs for the simulation. The comparison between the input 
and measured aberrated wavefronts is illustrated in Fig. 7. It is clear that the measured 
wavefront values are in good agreement with the input ones with absolute measurement errors 
less than 3.5mλ. Figure 8 shows the measurement errors of individual Zernike coefficients 
from Z2 up to Z37 for the input aberrated wavefront 1. The upper chart represents a 
comparison of the input Zernike coefficients and the measured values, and the lower chart 
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represents the absolute errors of Zernike coefficients. The measured values of the Zernike 
coefficients are noted to coincide quite closely with the input values. From the simulation 
result, the absolute errors of all Zernike coefficients are less than 0.62mλ. From this 
observation and lots of other simulation results for different arbitrarily shaped sources, it is 
found that the proposed technique yields a superior quality of wavefront estimate with an 
accuracy on the order of mλs and accuracy of Zernike coefficients on the order of 0.1mλs. 
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Fig. 7. Comparison between the input and measured aberrated wavefronts under the smooth 
quadrupole illumination shown in Fig. 5. 
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Fig. 8. Simulation results of the measurement errors of Zernike coefficients for the input 
aberration 1 under the smooth quadrupole illumination shown in Fig. 5. 

In our technique the Zernike coefficients solved by the least-square method rely heavily on 
the two matrixes of sensitivities F and G, which are determined directly by the effective 
source function J(rc) together with the set of binary gratings rm (i.e., pupil sampling scheme). 
It is promising to enhance the overall performance by optimizing either of the effective source 
function, the pupil sampling scheme, or both of them. It is also interesting to note that if we 
obtain the aerial image intensities with only several fixed binary gratings but at multiple 
illumination source and NA settings, our technique will be quite similar to the commonly used 
TAMIS technique [8]. From this point of view, our technique can be considered as a 
generalized one that provides more flexible configurations for wavefront metrology. 

4. Conclusion 

A generalized technique is proposed for in situ metrology of lens aberrations up to the 37th 
Zernike coefficient in lithographic tools, suitable for arbitrarily shaped illumination sources 
with variable intensity distributions. The technique is presented in a compact form with 
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generalized formulations of odd and even aberration sensitivities which can be treated as a set 
of analytical kernels corresponding to a set of concerned Zernike orders. The analytical 
kernels succeed in realizing a linear and analytical relationship between Zernike coefficients 
and the measurable physical signals under arbitrarily shaped illumination sources. A variety of 
mainstream illumination sources with spatially variable intensity distributions were input into 
the PROLITH to conduct the simulation work. According to the simulation results, the 
proposed technique has been proved to be simple in implementation and yield a superior 
quality of wavefront estimate, hence it is expected to provide a useful practical means for the 
in-line monitoring of imaging performance of current lithographic tools. 
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