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Since the pupil function is defined as a time-invariant system, the traditional partially coherent imaging model
is time-consuming to calculate the effect of spatially varying wavefront aberrations on the scanning image. A fast
reconstruction method of the aberrated scanning aerial image is presented for the scanning projection lithographic
tool. In the proposed method, the principal components (PCs) are used to decompose and reconstruct the aber-
rated aerial image. Due to the exact quadratic relationship between the PC coefficients and the Zernike coefficients,
the integration of the PCs in the intensity domain can be transformed into the integration of quadratic Zernike
vectors when reconstructing the scanning aerial image. An integral transfer function is introduced to describe this
process. This method can not only reconstruct the aberrated scanning image quickly but can also obtain the explicit
relationship between the Zernike coefficients and the aberrated scanning aerial image. © 2020 Optical Society of

America

https://doi.org/10.1364/AO.387096

1. INTRODUCTION

The scanning projection lithographic tool is the core equipment
in integrated circuit manufacturing. Compared with the general
optical imaging device, the scanning projection lithographic
tool has two significant technical characteristics: one is that
the optical imaging system has small wavefront aberration; the
other is that the silicon wafer and the aerial image produced by
projection scan synchronously during the exposure process.

Since the wavefront aberration of the projection lens has a
great impact on the lithographic imaging quality such as pattern
shift, normalized image log-slope (NILS) loss and defocus [1,2],
the numerical approaches of partially coherent imaging theory
are used to calculate the aberrated aerial image quantitatively
[3]. In corresponding studies, the partially coherent imaging
theory approximates the projection lens as a time-invariant
system in which the optical parameters such as the wavefront
aberration remain constant during the scanning imaging proc-
ess. However, the aberrations of the lithographic projection lens
are nonuniformly distributed in the scanning slit, which means
that the aberrations in the scanning slit vary with the spatial
position during the scanning exposure process. The classical
approach of partially coherent imaging cannot exactly describe
the scan-imaging mechanism.

In a lithographic tool, there are generally two types of factors
for aberrations changing in the scanning imaging process. One
includes air turbulence, vibration, and scanning nonsynchro-
nization under the 800 mm/s stage scanning speed, which cause
the aberrations or instantaneous imaging position to change
randomly in the time domain; another is the systematic aberra-
tion distribution in the field of view caused by the imperfections
in the design and manufacture phase of the projection lens,
which causes the aberrations to change in the spatial domain
[4–6]. The impact of air turbulence for imaging can be analyzed
by the spectral method [7]. In general, the lithographic tool
installs the special designed air shower to generate the lamella
flow for suppressing the air turbulence. The time-domain varia-
tion of low-order aberrations, such as Z2, Z3, Z4, can be used
to characterize the stage vibration and scanning nonsynchro-
nization. This kind of influence must be solved by engineering
means of motion control. This work focuses on the second type
of factor, i.e., how the systematic spatial distribution aberrations
of the projection lens affect the scanning lithographic imaging.
It should be noted that, in the lithographic imaging, the 3D
diffraction effect caused by the topography of the phase-shift
mask would modify the phase and amplitude of the propagating
field, and its effect on imaging is equivalent to the spherical
aberration [8]. Because this diffraction effect is adjoint with the
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mask pattern, there is no problem of the above spatial change.
Therefore, in the subsequent modeling and calculation process
of this paper, it is not treated as the aberration of the projection
lens.

A similar scanning problem in lithographic imaging proc-
ess has been noted in pioneering studies, and the complete
expression of scanning distortion has been given by using a line
integral method [9]. Because the distortion of the projection
lens is an optical aberration described in the intensity domain,
this method is limited to the calculation of spatial varying dis-
tortions but is not suitable for wavefront aberrations. The line
integration result of aberration cannot be used straightforwardly
in calculating the scanning lithographic image because of the
nonlinear transformation of aberration to light intensity in the
partially coherent imaging theory [10–12].

An easy approach is to calculate the aberrated static aerial
images of each position on the scanning path with the par-
tially coherent imaging algorithm and integrate the aberrated
static aerial images in the intensity domain to obtain the final
aberrated scanning aerial image. However, this method is
time-consuming to calculate the aberrated static aerial images
at different positions, which is unacceptable for practical
applications.

In this paper, we introduce a fast reconstruction method of
the aberrated scanning aerial image, which consists of a quad-
ratic imaging model (QIM) [13,14] and an integral transfer
function (ITF). The whole modeling process starts from the
principal component analysis (PCA) of the aberrated disturb-
ances, which are defined as the difference between the aberrated
static aerial image and ideal aerial image. First, the classical
partially coherent imaging algorithm is used to calculate static
aberrated disturbances, which are defined as the aberrated aerial
images subtracting the ideal aerial image, for thousands dif-
ferent aberrations. The PCA method is introduced to analyze
the behavior of aberrated disturbances in the intensity domain.
Based on the PCA method, the principal components (PCs)
of aberrated disturbances and the corresponding PC coeffi-
cients under different aberrations are obtained. By a quadratic
regression, the relationship between the PC coefficients and the
Zernike coefficients is determined to set up the QIM. Because
each PC used in QIM is a linear decomposition of aberrated
disturbance in the intensity domain, we then integrate the aber-
ration weighted PCs in the scanning slit to obtain the aberrated
scanning aerial image. After further derivation, the constants
such as the PCs and the quadratic regression matrix are separated
from the expression to obtain the integral form of the weighted
Zernike vector, which consists of the linear and quadratic terms.
This integral form is defined as the ITF, which converts the
spatial varying aberration to the PC coefficients of the scanning
aberrated disturbance.

Based on QIM and ITF, the aberrated scanning aerial image
can be quickly and conveniently reconstructed. The Zernike
coefficients of wavefront aberrations at each position in the
scanning path are arranged into a vector form containing the
linear and the quadratic terms. The integration result of these
vectors is calculated by ITF and multiplied by the quadratic
regression matrix and PC matrix in sequence to obtain the
aberrated disturbance of the scanning aerial image. Finally, the

aberrated scanning aerial image can be reconstructed by adding
the scanning aberrated disturbance to the ideal aerial image.

In addition to the detailed presentation of the fast recon-
struction method, the application of QIM and ITF in the fast
calculation of the scanning lithographic metrics and the corre-
sponding compensation method is also prospected at the end
of this paper. In the presented applications, the norm forms of
lithographic metrics calculation are derived from the spatial
intensity distribution characteristics of PCs. Using these derived
norm forms, the lithographic metrics such as pattern shift, defo-
cus, and NILS loss can be quickly calculated according to the
PC coefficients [15–17]. Correspondingly, the specifications
of integrated aberrations can be derived inversely based on the
determined requirements of lithographic metrics, which can
be used as the merit function of aberration optimization in the
manufacturing and application process of scanning lithographic
projection lens.

2. METHODS

A. Static Aberrated Disturbance Formation

The projection lens is the core unit of the optical imaging system
in the lithographic tool. With the Kohler illumination, which is
generated by an extended source and a condenser lens, the mask
pattern can be accurately imaged on the wafer. The schematic
diagram of the imaging system is shown in Fig. 1.

The Abbe approach of the partially coherent imaging [18] is
used to calculate the intensity distribution of the aerial image
I (x , y , h) on the image plane by the following equation:

I (x , y , h)=
∫∫

J ( f , g ) Icon ( f , g ; h)d f dg , (1)

where J ( f , g ) is the source function that describes the effec-
tive source intensity distribution in the pupil plane under the
Köhler illumination. The coherent image Icon( f , g ; h) denotes
the intensity distribution on the image plane in which the
coherent source is located on the pupil coordinate ( f , g ). The
corresponding expression is

Icon ( f , g ; h)=∣∣∣∣∫ ∫ H
(

f+ f ′, g + g ′
)

O
(

f ′, g ′
)
(M · E0) e−i2π(x f ′+y g ′)d f ′dg ′

∣∣∣∣2,
(2)

where O( f , g ) is the diffraction spectrum of the mask pattern,
M is the characteristic matrix of the image side medium, E0 is

Fig. 1. Schematic of a lithographic imaging system.
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Fig. 2. Calculation process of the static aerial image and aberrated disturbance.

the amplitude vector of the polarized light, and H( f , g ) is the
aberrated pupil function that indicates the modulation of the
projection lens to the propagated wavefront under the specified
defocus position and aberration, whose expression is given as

H( f , g )= P ( f , g ) e ik8( f ,g ), (3)

where k is the wavenumber and8( f , g ) is the wavefront aber-
ration, which can be expressed as the sum of a series of Zernike
polynomials multiplied by the corresponding coefficients. The
aberration function is

8( f , g )=
∑

n

zn Rn ( f , g ), (4)

with Rn( f , g ) and zn being the nth Zernike fringe polynomial
and the corresponding Zernike coefficient, respectively. The
defocus pupil function P ( f , g ) in Eq. (3) in the normalized
numerical aperture (NA) can be written as

P ( f , g )=

√
1− nimage

2 M2
(

f 2 + g 2
)

1−
(

f 2 + g 2
) e ik D( f ,g ), (5)

where D( f , g ) indicates the wavefront modulation caused by
the defocus h as

D( f , g )= h
[√

1−NA2
(

f 2 + g 2
)
− 1

]
. (6)

In this work, the cross-section aerial image I (x , y ) of a spe-
cific mask pattern is extracted from the above calculated result,
I (x , y , z). The aerial image is further decomposed into an
aerial spatial image and aberration disturbance in the intensity
domain as

I (x , h)= I0(x , h)+ Ia (x , h) , (7)

where (x , h) is the local spatial coordinate system on the image
space, which is used to describe the intensity distribution of
the aerial image, I0(x , h) is the ideal aerial image without
aberration, and Ia (x , h) is the disturbance component caused
by aberration. Thus, the aberrated aerial image I (x , h) is the

linear sum of I0(x , h) and Ia (x , h). For the convenience of
subsequent calculation, the aerial image data I (x , h), I0(x , h),
and Ia (x , h) with a matrix structure can be vectorized to I, I0,
and Ia , and the corresponding expression is I= I0 + Ia .

Based on the defined mask pattern and source, the aerial
images with and without aberration are calculated by the Abbe
approach, and the aberrated disturbance Ia is obtained by
subtracting ideal intensity distribution I0 from the aberrated
aerial image I. The calculating procedure of the aerial image and
aberrated disturbance is shown in Fig. 2.

B. Quadratic Imaging Model

The QIM is applied to characterize the relationship between
the aberration and the aberrated disturbance. In this paper, the
PCA and quadratic regression methods are used to establish the
accurate quantitative relationship between the Zernike coeffi-
cients and the aberrated disturbance based on above aerial image
calculating result. The reconstructed aberrated disturbance is
obtained by the linear superposition of PCs; further, there is an
accurate quadratic quantitation between the PC coefficients and
Zernike coefficients.

1. Principal Component Analysis of theAberratedAerial
Image

The aberrated disturbance Ia can be decomposed into a series of
PCs with the form of

Ia =

m∑
i=1

c i pi , (8)

where the pi is the i th PC, the c i is the corresponding coefficient
that indicates the weight of pi in the aberrated disturbance
Ia , and m is the number of PCs in this model. In general, any
aberrated disturbance Ia can be precisely reconstructed with a
few PCs.

The PCA procedure is shown in Fig. 3. First, several thousand
different aberrations are defined as an aberration sample to
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Fig. 3. PCA procedure of aberrated disturbances.

calculate the sample aberrated aerial images. In this step, the
Box–Behnken design and the Monte Carlo method can be used
to generate this aberration sample. This method of constructing
a statistical sample can ensure the completeness of the quadratic
image model that the aerial image under arbitrary combination
of Zernike coefficients can be reconstructed accurately. Then,
the ideal aerial image I0 and the aberrated aerial images I corre-
sponding to each aberration in the defined sample are calculated
to obtain the corresponding aberrated disturbances Ia .

Figure 4 shows the Isample assembly process. In the above
calculation, the intensity data of aerial image I (x , h), I0(x , h)
and aberrated disturbances Ia (x , h) simulated according to
the Abbe approach are stored in the form of matrices. The
numerical process, which includes converting all the aberrated
disturbances Ia (x , h) to the vector form Ia and combining
these vectors into one matrix, is performed to obtain the matrix
Isample. Here, the column numbers of matrix Isample is the volume
of the aberrations sample, and the row number of matrix Isample

is the number of the light intensity values in each Ia .
Finally, the singular value decomposition (SVD) is performed

on Isample to obtain the PCs of the aberrated turbulence Ia . The
calculation process is as follows:[

U S V
]
= SVD

(
Isample

)
,

Isample =USVT, (9)

and the column vectors of obtained matrix U includes all the
PCs of sample Isample with the form of

U=
[

p1 p2 . . . pm . . .
]

. (10)

In the QIM, the number m of PCs is an important parameter
that determines the reconstruction accuracy and calculation
time. More PCs can improve the reconstruction accuracy, but
the calculating time is increased. Since the PCs obtained by
the SVD method are arranged in descending order according
to the corresponding singular values in matrix U, we can select
the first several PCs and calculate the PC coefficient c i by the
least-square fitting (LSF) method according to Eq. (8); then,
we reconstruct all aberrated disturbances Ia in the sample.

Fig. 4. Schematic diagram of assembling simulated aberrated
distubances Ia (x , h) into the sample matrix Isample.

Meanwhile, the reconstruction residuals, which are defined
as the difference between the simulated and the reconstructed
aberrated disturbances of each aberrated disturbance in the sam-
ple, are investigated. If the overall residuals are large, the number
of PCs should be increased in order until the fitting residuals
meet the application requirements. After the above operations,
the number m of PCs and the corresponding PCs can be deter-
mined, and the PC matrix P for QIM can be obtained by cutting
the matrix U with keeping the first m columns. The form of the
PC matrix P is

P=
[

p1 p2 . . . pm
]
, (11)

where each p is a column vector.

2. Quadratic Regression to the ImagingModel

Based on the selected PCs, all aberrated disturbances in the
Isample are decomposed by the LSF method to obtain the cor-
responding PC coefficient vectors. The relationship between
the Zernike coefficient of aberration and PC coefficients of the
aberrated disturbance is established by a quadratic regression
method. The form of imaging model is

C=MZ, (12)

where M is the regression matrix that characterizes the quadratic
system, and C is the vector that expresses the PC coefficients cm

in forms of

C=
[

c 1 c 2 . . . cm
]T

. (13)

The quadratic Zernike vector (QZV) Z consists of the
Zernike coefficients with the form of the linear and quadratic
combination that

Z=
[

Zlin Zquad
]T
, (14)

where Zlin consists of all the defined Zernike coefficients in this
imaging model, and Zquad is the vector that lists all the quadratic-
terms and cross-terms [19] of the Zernike coefficients as
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Zlin =
[

z2 z3 . . . z37
]
;

Zquad =
[

z2z2 z2z3 . . . zi z j . . . z36z37 z37z37
]

. (15)

All the PC coefficient vectors C of aberrated disturbances in
the sample are arranged into the coefficient matrix Csample, and
the corresponding QZVs are arranged into a coefficient matrix
Zsample. The regression matrix M is obtained by multiplying
Csample with the Moore–Penrose pseudo-inverse of Zsample,
pinv(Zsample), as the expression of

M=Csample pinv
(
Zsample

)
. (16)

The QIM can be established based on the above operations,
and the aberrated aerial image I is expressed as

I= I0 + PMZ, (17)

where I0 is the ideal aerial image, PC matrix P is the PC matrix
that contains all the PCs of the QIM, and M is the quadratic
regression matrix that transforms QZV Z to PC coefficients
vector C.

Note that the QIM in this paper represents the influence
of aberrations on the aerial image under the specified mask
pattern and the specified imaging condition that includes the
wavelength, the numerical aperture, and the illumination mode.
Among all these parameters of the QIM, only Z is the variable,
while I0, P, and M are constants that are determined by the mask
pattern and the imaging conditions. Therefore, when analyzing
the influence of aberrations on the aerial image under different
mask patterns or imaging conditions, the QIM for the specific
mask and specific image conditions must be re-established
according to the above process.

C. Integral Transfer Function for Scanning Images

As shown in Fig. 5, the wavefront aberration of the projection
lens is spatially varying in the scanning slit, which causes the
intensity distribution of the projection image absorbed by pho-
toresist varying with the aberration. The scanning lithographic
image can be calculated by integrating the static aerial images
through the scanning slit, i.e.,

Iscan =

∫
slit w(s ) I(s ) ds∫

slit w(s ) ds
, (18)

where I(s ) is the static aerial image on the coordinate s in the
scanning slit, and Iscan is the scanning image that could be trans-
ferred into the photoresist finally. The exposure light source used
in the lithographic tool is the pulse laser with a frequency from
2 to 6 kHz [20]. In order to suppress the quantization effect
of the scanning integral DOSE caused by the laser pulses, the
illuminator of the lithographic tool usually modulates the light
intensity profile on the scanning path to trapezoid or Gaussian
distribution. Therefore, the intensity weights w(s ) must be
introduced to accurately calculate the final scanning aerial imag-
ing in the integral expression in Eq. (18). The weightsw(s ) are
usually determined in the optical design of the illuminator and
calibrated on the lithographic tool.

According to the expression of the PC-based QIM, the static
aerial image in the position s can be expressed as

Fig. 5. Schematic diagram of the scanning imaging process in a
lithographic tool.

I (s )= I0 +

m∑
i=1

c i (s ) pi = I0 + PC (s ) , (19)

where c i (s ) is the PC coefficients calculated by aberration in the
position coordinate s , and C(s ) is the vectorized expression of
all the PC coefficients.

Because the ideal aerial image and PCs of the aberrated dis-
turbance are constant in the scanning exposure process, the
integration of static aerial image can be converted to the integra-
tion of PC coefficients; thus, the integral form of the scanning
aerial image can be written as

Iscan = I0 +

m∑
i=1

∫
slit w (s ) c i (s ) ds∫

slit w (s ) ds
pi , (20)

and further deducts into the form of integrated Zernike
coefficients as

Iscan = I0 + PM
∫

slit
w (s ) Z (s ) ds

/∫
slit
w (s ) ds , (21)

where P is the PC matrix and M is the regression matrix that are
obtained in the modeling procedure of QIM. The vector Z(s ) is
the QZV constructed as the form of Eqs. (14) and (15), which
presents the aberration at the position coordinate s . Finally, the
ITF can be defined as the integration part in the expression of
scanning aerial image as

ITF (Z (s ) , w (s ))=
∫

slit
w (s ) Z (s ) ds /

∫
slit
w (s ) ds . (22)

The derivation of ITF is completed until this step. The ITF
transforms the aberrations of each position on the scanning path
into the PC coefficients of the aberrated disturbance through
quadratic transformation and integral operation, which is the
key operation of reconstructing the scanning aberrated aerial
image.

D. Fast Reconstruction of the Aberrated Scanning
Image

The reconstruction of the aberrated scanning aerial image is
based on the QIM and ITF. The corresponding algorithm can
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Fig. 6. Flow chart of the aberrated scanning aerial image
reconstruction.

be expressed as

IITF = I0 + PMITF (Z (s ) , w (s )) , (23)

where I ITF is the reconstructed aberrated scanning aerial image.
In order to realize fast reconstruction, the system parameters

such as numerical aperture, wavelength, source, and mask pat-
tern can be predefined, and the ideal aerial image I0, PCs P, the
regression matrix M, and the illumination weightsw(s ) are also
precalculated as constants. The detailed reconstruction flow is
shown in Fig. 6 and involves:

(1) The Zernike coefficients of each position on the scanning
path are sorted into QZV Z(s ) according to the defined
form.

(2) The ITF is used to calculate the integration result of all
QZVs, and the form of this integration result is still a QZV.

(3) The PC coefficients of the scanning aberrated disturbance
are obtained by multiplying the integrated QZV with the
quadratic regression matrix M.

(4) The aberrated disturbance can be obtained by multiply-
ing PCs with corresponding coefficients and adding the
products linearly.

(5) By adding the obtained scanning aberrated disturbance to
the ideal aerial image I0, the aberrated scanning aerial image
is reconstructed.

3. RESULTS AND DISCUSSION

For different mask patterns and imaging conditions, accu-
racy, and reconstruction time of QIM and ITF are tested. The

Fig. 7. Example of random aberration to build the QIM.

Fig. 8. Reconstruction residual decreasing with the increase of the
PCs number.

comparison shows that the ITF based on QIM can accurately
calculate the scanning lithographic image with a certain spatial
distribution of wave aberrations. Compared with the rigorous
integration of the aerial image, the calculation time of the ITF
method is greatly reduced. In this example of test results, the
imaging pattern used is 40 nm/80 nm line-space with an attenu-
ated phase shift mask. Other key parameters include annular
source with 0.72/0.92 sigma, X/Y polarization, 1.35 NA, and
193 nm wavelength. All the calculations are operated on a laptop
of 1.61 GHz core with MATLAB in Windows 10 (64 bit).

We define 4000 different sets of Zernike coefficients to calcu-
late the aberrated aerial images I and extract the corresponding
aberrated disturbance Ia . In this example, the Zernike coeffi-
cients of 35 terms from Z2 to Z36 are used to characterize the
aberration according to the relevant experience in lithography.
Among these 4000 aberrations, 2392 aberrations are obtained
by the Box–Behnken design method, and the single Zernike
coefficient is ±0.05λ. The other 1608 aberrations are gener-
ated by random function, and the single Zernike coefficient is
uniform distributed between ±0.05λ. Considering that the
root-mean-square (RMS) value of the typical aberrations in the
projection lens is typically in the range of 0.01λ to 0.02λ [21],
the design of the aberration sample can cover the actual aberra-
tion of most of the scanning lithographic tools. The following
figure shows the Zernike coefficients of a random aberration in
this sample for modeling. Figure 7 presents a random aberration
in this sample, which is used to calculate the aberrated aerial
images I.
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Fig. 9. PCA result of the aberrated disturbance. (a) Reconstruction example of the aberrated disturbance Ia and the corresponding residual error.
(b) Selected 10 (weighted) PCs of the aberrated disturbance obtained by PCA.

After the PCA of all the aberrated disturbances, 10 larger PCs
are selected to reconstruct the aberrated disturbances. Figure 8
presents the RMS value of reconstruction residual for five aber-
rated disturbances selected randomly in this sample. The results
show that with the increase of PCs number, the reconstruction
residuals of each aberrated disturbance decrease rapidly. When
the number of PCs increases to 10, the reconstruction residuals
are reduced to a low level, which can be ignored in lithography-
related applications. Further reconstruction of these 4000
aberrated disturbances and more arbitrary aberrated disturb-
ances can confirm that it is accurate enough to reconstruct
aberrated disturbances with these 10 PCs, and the number m of
PCs in the QIM is determined.

On the premise of PCs determination, the aberration dis-
turbance can be characterized by the PC coefficients. As shown
in Fig. 9, the aberrated disturbance can be reconstructed in the
intensity domain with 10 PCs, and the reconstruction residual
is less than 10e-6, with the peak-to-valley value of this aberrated
disturbance being about 0.06.

To verify the regression accuracy of QIM, the PC sampling
method is used to decompose the aberration disturbance cor-
responding to 4000 sets of Zernike coefficients, and the PC
coefficients corresponding to aberrations are obtained. As
shown in Fig. 10, the PC coefficients obtained by these two
methods are consistent, and the coefficient of determination
R2 of this regression equals to 0.9926. For further cross vali-
dating the accuracy of the QIM, another 2000 sets of Zernike
coefficients, which are not used for modeling, are randomly
generated. Repeating the above verification process, the PC
coefficients obtained by these two methods are also consistent,

Fig. 10. Cross validation of the QIM for a 1D pattern. (a) PC
coefficients regression accuracy of the training sample consisting of
4000 different aberrations. (b) PC coefficient prediction accuracy of
the QIM for 2000 random aberrations.

and the R2 of this prediction equals to 0.9955. The result veri-
fies that the QIM is accurate enough to calculate the aberrated
aerial image in the intensity domain under a specific mask pat-
tern and exposure conditions. For other periodic mask patterns
and exposure conditions, the QIM method can also be used to
calculate the aberrated aerial image.

We further verify the reconstruction performance of the
QIM in lithographic imaging of a more complex 2D pattern.
Different from the previous example, the modeling and recon-
struction of this 2D pattern imaging are presented in the (x , y )
plane. The feature size of the pattern is 50 nm, and the period
of the pattern cell is 800 nm. The reconstruction performance
of this 2D pattern lithographic imaging is shown in Fig. 11. As
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Fig. 11. Reconstruction perdormance of the QIM for 2D complex pattern imaging. (a) Mask pattern, ideal aerial image, aberrated aerial image,
simulated and reconstructed aberrated disturbance, and reconstruction residual. (b) First 18 PCs in the QIM.

the complexity of the 2D pattern is greatly increased, nearly 100
PCs are needed to reconstruct the 2D image. Correspondingly,
the reconstruction residual is about 10e-3 with the peak-to-
valley value of this aberrated disturbance about 0.1. Although
the accuracy is lower than the reconstruction of a 1D pattern,
the method is accurate and effective for a complex 2D pattern
in the lithographic imaging.

In the quadratic image model corresponding to this complex
2D mask pattern, at least 100 principal components are needed
to be selected for the accuracy of the imaging reconstruction. As
shown in Fig. 12, when the number of PCs is increased to about
100, the average residual of reconstructed aberrated disturb-
ances with PCs can be reduced to the acceptable level for typical
lithographic application.

The quadratic regression from the PC coefficients to Zernike
coefficients still presents high precision in the QIM for 2D
complex pattern. Figure 13 presents the cross-validation result
of the reconstruction accuracy for this 2D complex pattern, in
which the cross-validation method is consistent with that of the
1D pattern QIM. Since the next step is the integral operation
without loss of accuracy, the accuracy of the reconstruction
algorithm of the scanning aerial image is completely determined
by the accuracy of the QIM.

In order to verify the ITF method and the reconstruction
accuracy, several sets of random Zernike coefficients can be
generated to represent the spatial variation of aberrations in
the scanning direction of the lithographic projection lens.
Meanwhile, the corresponding intensity weights are defined to
represent the illumination profile of the image plane. Based on
these definitions, we have compared the difference of scanning
aberrated aerial image obtained by the intensity integration
method and the ITF method.

According to the defined random aberrations, the corre-
sponding static aerial images are calculated, and the weighted
average of these spatial images is obtained as the scanning aber-
rated aerial image Iscan via the intensity integration method.
With the same Zernike coefficients of aberrations and the

Fig. 12. Reconstruction residual decreasing with the increase of the
PCs number.

Fig. 13. Cross validation of the QIM for a 2D complex pattern.
(a) PC coefficient regression accuracy of the training sample consisting
of 4000 different aberrations. (b) PC coefficient prediction accuracy of
the QIM for 2000 random aberrations.

weights of illumination intensity, the PC coefficients of the
scanning aberrated disturbance can be calculated directly by the
ITF method; then, the complete scanning aberrated aerial image
IITF can be reconstructed quickly.
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Fig. 14. Comparison between scanning aberrated aerial images calculated by the traditional intensity integration method and the ITF method.

As shown in Fig. 14, the result of scanning aerial images calcu-
lated by the intensity integration method and the ITF method
is consistent. In the analyzed image space, the residual error
calculated by ITF method is 1e-2 smaller than the aberration
disturbance, which has high precision and meets the conditions
of engineering applications. The main reason for this difference
is the residual of the regression model in QIM.

In terms of computing time, the ITF method has an obvi-
ous advantage. Under the same computing platform, it takes
2.5–3 s to calculate the scanning image with the traditional
intensity integration method, while it only takes 0.2–0.3 ms
with the ITF method, which is about 1/10000 of the traditional
method. Two main factors shorten the reconstruction time.
First, the QIM in the proposed reconstruction method uses the
precalculated PCs to recover the aberrated disturbance, which
avoids the cyclic calculation of the light intensity in each spatial
coordinate in the partially coherent imaging approach. Second,
the reconstruction method uses ITF to calculate the principal
component coefficients of the scanning aberrated disturbance
directly, which avoids the calculations of a single static aerial
image in the traditional method.

4. CONCLUSIONS AND PERSPECTIVES

In view of the spatial varying aberrations in the lithographic
projection lens of the scanning lithographic tool, this paper
proposes the ITF method to calculate a scanning aerial image
based on the QIM.

Derivation of the ITF involves the following steps. First,
the aberrated disturbances are decomposed by several PCs in
the intensity domain, and the corresponding PC coefficients
are obtained. Then, the PC coefficients and the correspond-
ing Zernike coefficients are regressed to obtain the accurate
quadratic conversion relationship between them. Integration
of the intensity in the scanning direction is converted into the
integration of the PC coefficients. Finally, the integral form of
Zernike vectors is derived as the ITF expression.

The PC coefficients of the scanning aberrated disturbance are
obtained directly by inputting the Zernike coefficients and the
corresponding illumination intensity weights on the scanning
path arranged as the defined form to ITF. Further, using the PC
and the ideal aerial image, the scanning aberrated aerial image
can be reconstructed quickly. Compared with the traditional
method of intensity integration, the proposed ITF method
not only ensures enough calculation accuracy but also greatly
shortens the calculation time.

The projection lens of the lithographic tool is an optical
imaging system with ultralow aberrations. Two examples are
provided to verify the accuracy and applicability of scanning
imaging reconstruction for simple and complex mask patterns.
The reconstruction method presented in this paper is applicable
to the analysis of the scanning imaging performance for the
projection lens in the lithographic tool. In practical applica-
tions, it is also necessary to adjust the modeling conditions and
algorithm parameters according to the actual situation. On the
one hand, according to the NA and the actual aberrations of the
projection lens, the value and terms of Zernike coefficients in
the Abbe approach could be adjusted for the static aerial images
simulation to build the aberrated disturbances sample. If the
computing capability is enough, the value of a single Zernike
coefficient can be increased to 0.1λ, and the terms of Zernike
polynomials can be extended to Z64, which will meet the
requirements of all the current lithographic tools. On another
hand, according to the complexity of the mask pattern, the
number of PCs in the QIM could be adjusted for the accuracy of
reconstruction.

Considering the similarity of the problem, the proposed
reconstruction method is also suitable for calculation of litho-
graphic images with chromatic aberration [22]. In addition
to the fast reconstruction of aberrated scanning aerial images,
the prospective applications of the ITF method include the
fast calculation of scanning lithographic performance metrics,
including defocus, pattern shift, and NILS loss. The previ-
ous study has presented that the gradient information of a PC
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can linearly reflect the lithographic metrics corresponding to
aberrated disturbance [16]. With this feature, a quantitative
relationship between the spatially varying aberrations and litho-
graphic metrics can be established, according to the calculation
results of ITF, and further used as a merit function in image
quality control of lithographic projection lens [23].

The main thought of this method is to separate the linearized
variables in the intensity domain for a nonlinear imaging system
and then integrate the separated variables to reconstruct the
image. Although the analyzed object of this paper is the aber-
ration of a lithographic projection lens, which mostly present
a systematic behavior, based on the main thought, it is worth
exploring to use statistical processing for more complex imaging
variables to analyze imaging performance.
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