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In order to balance axial mounting stiffness of lithographic projection lenses and the image quality under
dynamic working conditions, an easy inverse axial mounting stiffness design method is developed in this
article. Imaging quality deterioration at the wafer under different axial vibration levels is analyzed. The
desired image quality can be determined according to practical requirements, and axial vibrational
tolerance of each lens is solved with the damped least-squares method. Based on adaptive interval
adjustment, a binary search algorithm, and the finite element method, the axial mounting stiffness
of each lens can be traveled in a large interval, and converges to a moderate numerical solution which
makes the axial vibrational amplitude of the lens converge to its axial vibrational tolerance. Model sim-
ulation is carried out to validate the effectiveness of the method. © 2014 Optical Society of America
OCIS codes: (110.5220) Photolithography; (110.3000) Image quality assessment; (220.1010) Aberra-

tions (global); (220.1140) Alignment; (220.3740) Lithography; (220.4880) Optomechanics.
http://dx.doi.org/10.1364/AO.53.005720

1. Introduction

All the lithographic projection lenses suffer imaging
quality deterioration caused by aberrations [1–3],
which is a bottleneck to improving lithographic res-
olution. Reasons for their aberrations may come from
tolerances of mechanical references, operational lev-
els of shock, vibration, pressure, and temperature
variations [4]. To reduce such negative effects on
aberrations of these high-performance lenses, they
are usually mounted in symmetrically flexural or
kinematic manners [5–12], for deformation on their
surface due to tolerances of mounting datum will
be minimized and their alignments can be retained
during exposure to survival levels of these environ-
ments. Actually there are many merits for mounting
lenses in these kinds of compliant means, but the
mounting stiffness needs to be carefully designed
in application. This is because if the stiffness is high,

tolerances of the mechanical references need to be
stringent, which will be costly in manufacturing
[13–16]. Low mounting stiffness will relax mechani-
cal tolerances, but every lens in a lithographic objec-
tive vibrates relatively easily due to the dynamic
environment, and the focal plane of the optical sys-
tem vibrates too. This effect is comparable to shaking
a camera when taking a photograph, resulting in a
blurred image. Therefore, there needs to be an equi-
librium point betweenmanufacturing costs and focus
stability inmounting stiffness design for lithographic
projection lenses. And a good equilibrium point, in
other words, an apropos mounting stiffness design,
can make the lithographic projective meet the de-
sired requirements of focus stability at least costs.

Unlike other inverse problems, using require-
ments of focus stability to infer mounting stiffness
of compliant manners in an objective is difficult,
for there is not a unique group of displacements sol-
utions of lenses under random vibration. In addition,
the gravity centers of objectives are usually not at
their horizontal mounting datum; therefore, the
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whole bodies oscillate coupled with horizontal vibra-
tion when they work. Since mounting stiffness in
horizon and roll or pitch cannot be uncoupled accord-
ing to random vibrational motions of the lenses, full
inverse mounting stiffness design becomes impos-
sible. However, beeline defined by the gravity center
of the projection objective and the geometrical center
of its mounting points is nearly perpendicular to the
mounting datum. Vibration of lenses in the axial
direction can therefore be considered uncoupled from
other degrees of freedom. And axial mounting
stiffness of lenses can be inferred if their axial
vibrational tolerances are known.

In this paper, a simple, easy programming, and
effective inverse axial mounting stiffness design
method for lenses in lithographic objective is devel-
oped. Considering the desired image quality, axial
vibrational tolerances of lenses are solved with the
damped least-squares method [17,18]. Consequently,
several large intervals are assigned for axial mount-
ing stiffness of lenses, and axial random vibrational
displacements of lenses related to midpoints of their
stiffness intervals can be analyzed with the finite
element (FE) method. Comparing the FE results
with related tolerances, the stiffness intervals are
changed with a binary search algorithm [19,20]
and adaptive interval adjustment [21,22]. The above
process is repeated until differences between the FE
results and related tolerances are less than a prede-
fined small positive value; the related axial stiffness
then is the numerical solution.

This article is constructed as follows. The inverse
axial mounting stiffness design problem is described
with a lithographic projection optical system in
Section 2. The main procedure to solve the problem
and its key technology are demonstrated in Section 3.
Results of the problem are presented in Section 4.
Conclusions are summarized in Section 5.

2. Problematic Description

Not only are lenses compliantly mounted in the
projection objective, but also projection objectives
are compliantly mounted in lithographic tools too,
for vibrations from lithographic tools can infect the
whole objective slightly. A typical projection objective
structure and several kinds of compliant structures
for mounting lenses are depicted in Fig. 1.

The projection optical system studied in this ar-
ticle is from a Japanese patent in 2005 [23]. The op-
tical system consists of 20 lenses, and its working
wavelength is 193 nm. Random vibrational excita-
tion on the mechanical interface of the lithographic
objective can be measured with accelerometers,
and the acceleration power spectral density (APSD)
can be obtained via spectral analysis. Based on
multiple vibrational measuring of a 193 nm litho-
graphic tool, a typical axial APSD specification on
the mechanical interface of the projection objective
under work can be presented. The projection optical
system and the axial APSD specification are depicted
in Fig. 2.

Unless lenses are rigidly mounted in the projection
objective, they will obviously vibrate relatively when
lithographic tools work. As an inevitable result, the
focal plane of the optical system vibrates too and the
image at the wafer will blur. In axial direction, the
problem can be described as: how to design axial
mounting stiffness of every lens for balancing manu-
facturing costs and optical performance under dy-
namic working conditions.

3. Solution

A. Main Procedure of Inverse Axial Stiffness Design

To minimize axial mounting stiffness of the lenses
with constraint of image quality, the inverse axial
mounting stiffness design can also be considered as
an optimization problem here. And it can be stated as

MinimizeKn�n � 1; 2; 3…20�; (1)

Subject toΔF ≤ ΔFdesired; (2)

where Kn is the axial mounting stiffness of lens
member n; ΔF is image quality at the wafer of projec-
tion objective under dynamic working conditions;
ΔFdesired defines the desired image quality. Since

Fig. 1. Schematic of compliant mounting manners. (a) Compliant
manners of objective and lenses. (b) Compliant means from [7].
(c) Compliant means from [11]. (d) Compliant means from [12].

Fig. 2. Model illustration. (a) Projection optical system [23].
(b) Axial APSD specification.
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there are no direct relations between mechanical
parameters Kn and optical parameter ΔFdesired,
ΔFdesired needs to be expressed as axial vibration tol-
erance ΔXdesired

n of each lens with optical analysis. On
the other hand, axial random vibrational displace-
ment ΔXn of each lens can be analyzed with FE soft-
ware ifKn is assigned.Now, changing values ofKn and
comparingΔXn withΔXdesired

n can determinewhether
Kn is suitable. And if all ΔXn converge to the related
ΔXdesired

n , relatedKn is the numerical solution and in-
verse axial stiffness design finishes.

Unlike other inverse problems, there are 20 axial
mounting stiffness variables Kn�n � 1; 2; 3;…20� in
all here, and variation of each one will change ran-
dom vibrational responses of the other lenses. Tradi-
tionally, an evolutionary algorithm [24–27] can be
applied to solve such problems. But a simple method,
which is much easier in programing, is developed
here. Its major steps are described as follows: First,
20 groups of large intervals �Ki

bn; K
i
en��i � 1;n �

1; 2; 3;…20� for the axial mounting stiffness of lenses
are assigned, and Ki

n � �Ki
bn �Ki

en�∕2 is set as the
initial axial mounting stiffness. Here, Kb denotes
the beginning of the interval, Ke denotes the ending,
i is the iteration step, and i � 1 denotes initial status.
A large initial interval �0; 1012 N∕m� is set for each
interval in this article. Then, axial random vibra-
tional displacementΔXi

n of each lens can be analyzed
with FE software. Third, compare ΔXi

n with ΔXdesired
n

(obtained in axial vibrational tolerance analysis),

and reassign the intervals �Ki
bn; K

i
en� with a binary

search algorithm, or enlarge the interval via adap-
tive interval adjustment when Ki

n converges while
ΔXi

n do not converge toΔXdesired
n , and do the next loop

of FE analysis. When each ΔXi
n converges to

ΔXdesired
n , the related Ki

n can be obtained and the in-
verse axial stiffness design is finished.

The main procedure of the inverse axial stiffness
design is depicted in Fig. 3. εΔx is the tolerance of
ΔXi

n, εK is the tolerance factor of Ki
n, and f is a scale

factor. The portion in blue in Fig. 3 describes the sol-
ution of ΔXdesired

n , and its details are described in
Subsection 3.B. The portions in orange and green
are iterative solution procedures of “axial mounting
stiffness–random vibration analysis.” The portion in
green, which is in the red dashed box, describes ap-
plications of the binary search algorithm and adap-
tive interval adjustment in detail, and they can be
realized with several “if…then…” constructions
easily. Random vibration analysis of the model with
FE software is described in Subsection 3.C.

B. Axial Vibrational Tolerances Analysis

When lithographic tools works, the desired imaging
quality under environmental axial vibration can be
depicted as

AΔXdesired � ΔFdesired; (3)

where ΔXdesired is the vector form of ΔXdesired
n , A is a

m × 40 sensitive matrix, which can be obtained by

Fig. 3. Flow chart of inverse axial stiffness design procedure.

5722 APPLIED OPTICS / Vol. 53, No. 25 / 1 September 2014



optical system design data. Since the value of m is
usually much greater than 40, ΔXdesired needs to
be obtained by the damped least-squares method if
ΔFdesired is known. First, an aberration estimating
function Ψ�ΔXdesired� can be easily established as

Ψ�ΔXdesired� � �AΔXdesired
− ΔFdesired�

� p2ΔXdesiredTΔXdesired; (4)

where p is the damped factor. Then, if the optical
system under the vibration environment meets the
design requirements, there must be

MinfΨ�ΔXdesired�g: (5)

Or Eq. (5) can be transformed to

�ATA� p2I�ΔXdesired � ATΔFdesired; (6)

where I is the identity matrix. And the solution of
Eq. (6) is

ΔXdesired � �ATA� p2I�−1ATΔFdesired: (7)

For convenient calculation, Eq. (7) can be trans-
formed to Eq. (8) via singular value decomposition
[28]:

ΔXdesired � V
��

ΣTΣ� p2I
�
−1
ΣT

�
UTΔFdesired; (8)

where A � UΣVT. Therefore, if imaging quality
deterioration ΔFdesired induced by axial environmen-
tal vibration is assigned, axial vibration tolerance
ΔXdesired of lenses can be easily calculated
with Eq. (8).

C. Random Vibration Analysis

Axial random vibrational displacements of the pro-
jection objective under work are analyzed with the
FE software ANSYS Academic Research 15.0 in this
article. And in establishment of its FE model,
mechanical parts of the projection objective are sim-
plified as rigid beam and mass elements. Lenses are
simplified as mass elements too. Connections be-
tween lenses and mechanical parts are simplified
as springs which are compliant in the axial direction
while fully constrained in other degrees of freedom.
When the whole model is established, its constrained
frequencies and mode shapes under work can be an-
alyzed. Then, axial APSD excitations [1–1000 Hz,
shown in Fig. 2(b)] from lithographic tools are
applied on the mechanical interface of the projection
objective, and the relative displacement power spec-
tral density of each lens at the axial direction can be
solved with the mode combination method. Integrat-
ing the spectrums, 3σ axial displacement solution of
each lens under work can be obtained.

To depict positions and aspects of the lenses
clearly, they are drawn with area elements in ANSYS

Academic Research 15.0. The whole FE model and
one of its random vibrational results are shown in
Fig. 4, and units in Fig. 4 are SI.

4. Results

In order to determine ΔFdesired of the projection
optical system, a typical 90 nm projected image of
the mask is set as Fig. 5(a). The illumination is a
dipole illumination, which is shown in Fig. 5(b). The
image qualities at different wafer positions, which

Fig. 4. Random vibration analysis of the projection objective with
ANSYS Academic Research 15.0. (a) FE model of the projection
objective. (b) One 3σ displacements solution of random vibration
analysis.

Fig. 5. Evaluation of image quality. (a) Mask. (b) Dipole. (c) Image
quality at best focal plane. (d) Image at�30 nm axially offset from
the best focal plane. (e) Image at �100 nm axially offset from the
best focal plane. (f) Image at �200 nm axially offset from the best
focal plane.
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are axially offset from the best focal plane, are ana-
lyzed with CODE V software. Several typical image
results, which are depicted in form of relative inten-
sity, are shown in Figs. 5(c)–5(f). In addition, Ray-
leigh depth of focus criterion [29] has stated that

DOF � k2
λ

NA2 ; (9)

where DOF is depth of focus, k2 is process-dependent
constant, λ is working wavelength, NA is numerical
aperture. If k2, λ, and NA are set as 1, 193 nm, and
0.75, then DOF can be obtained as less than 343 nm.
That is to say, the axial focal stability of the optical
system needs to be less than �172 nm at maximum.

Considering vibration of other degrees of freedom
may also induce image blur, the desired focal stabil-
ity in the axial direction is determined as less than
�30 nm here. Axial vibration tolerances ΔXdesired

n of
each lens can now be calculated with the method in
Subsection 3.B, and the axial mounting stiffness of
each lens can also be obtained easily. Both of the
results are shown in Fig. 6.

5. Conclusion

To balance axial mounting stiffness of lenses in the
lithographic objective and the image quality under
dynamic working condition, an easy inverse axial
mounting stiffness design method is developed in
this article. In this method, axial vibrational toler-
ance of each lens in the optical system is solved with
damped least-squares according to the desired image
quality. Several large intervals are initially assigned
for axial mounting stiffness of lenses, and axial ran-
dom vibrational displacement of each lens related to
midpoints of its stiffness interval is analyzed with
the FE method. Comparing the FE results with re-
lated tolerances, the stiffness interval of each lens
can be reassigned with a binary search algorithm
and adaptive interval adjustment from the compari-
son. Repeating the above process until the FE results
converge to related tolerances, the related axial stiff-
ness is then the solution. Model simulation in this
article validates the effectiveness of the method.

This work is supported by the National 02 Project
of China (grant 2009ZX02205).
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