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Abstract: An initial construction satisfying aberration balance and multi-constraint control is essential for the
design of an off-axis multi-reflective optical system with minimal aberration. In this paper, a mathematical
model for calculating the initial structure of off-axis multi-reflective is established based on the grouping
design method combining spatial ray tracing and aberration correction, and an improved Particle Swarm Op-
timization (PSO) is proposed to solve the initial structure problem of an off-axis multi-reflective optical sys-
tem. The PSO of natural selection with shrinkage factor is applied to improve calculation accuracy and design
efficiency, so as to obtain the initial structure of the off-axis multi-reflection optical system. In the last part of
this paper, taking an Extreme UltraViolet (EUV) lithography projection objective with six-mirror reflective
aspheric mirrors as an example, the reliability and effectiveness of this method are verified. A 0.33 numeric-

al aperture EUV lithographic objective with wave-front error better than 1/80A (A=13.5 nm) RMS is achieved.
Key words: optical design; geometric optics; aberration theory; particle swarm optimization
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1 Introduction

Compared with refractive optical systems, re-
flective optical systems have the following advant-
ages: reflective optical systems do not produce chro-
matic aberration; their optical path can be folded,
which facilitates the shortening of the barrel length
to make the structure compact; they are relatively
insensitive to changes in temperature and air pres-
sure; they effectively solve the obstruction con-
straint by off-axis eccentric tilt, which is conducive
to increasing the field of view and improving the
image quality. Therefore, the design of off-axis re-
flective optical systems has received extensive at-
tention, and is often used in space cameras, tele-

51 In recent

scopes, and infrared/ultraviolet fields!
years, off-axis six-mirror reflective EUV litho-
graphy projection objectives have become a typical
application of off-axis multi-reflection optical sys-
tems. EUV lithography projection objective has ex-
tremely high imaging requirements, which needs to
achieve super diffraction limit resolution and the
wave aberration better than 1/50A. The design of
optical systems to achieve ultra-diffraction-limited
minimum aberrations depends heavily on aberration
balance. It needs to solve the contradiction among
the multi-constraint, multi-objective and few de-
grees of freedom, which brings great challenges to
optical designers. The current optical design soft-
ware mainly solves the optimization problem of op-
tical systems by using the damped least squares loc-
al optimization algorithm to calculate the minimum
of the error function in the multi-dimensional vari-
able space, and the final optimization result is in
most cases a local optimal solution close to the ini-
tial structure, which has great limitations"”, and its
global optimization function is difficult to achieve
aberration balance and constraint control simultan-
eously in the case of poor initial structure. Optimal
design using optical design software relies heavily

on the selection of the initial structure, and the ini-

tial structure construction is the key to optical sys-
tem design!'!l. Especially for minimal aberration op-
tical systems, which are more sensitive to the aber-
ration balance, the construction of the initial struc-
ture to satisfy the aberration balance and multi-con-
straint control is a key issue in order to balance the
constraint and aberration and to avoid the optical
system perturbation too large, which makes it diffi-
cult to realize the minimal aberration optical system.

At present, the common initial structure con-
struction methods of reflective optical systems in-
clude paraxial search method, Y, Y-bar method and
group design method. Among them, the paraxial
search method was proposed by M. F. Bal, which
uses a paraxial model to exhaustively enumerate the
first-order aberrations of the optical system. The
number of constraints that can be met is too small,
which greatly affects the efficiency!>"?!. Scott A.
Lerner et al. applied the Y, Y-bar method to the
solution of the optical system structure, which uses
the height of the marginal rays and chief rays on the
surface of the optical element to solve the radius of
curvature and the distance between the mirrors to
construct the initial structure. The height of chief
ray and marginal ray of the optical surface of each
structure is not easy to determine, and it is not uni-
versal. When the number of off-axis reflective optic-
al system components is large, the calculation
amount of the above method will increase greatly,
which affects the design efficiency!'*'"!. The group-
ing design method was applied to the design of off-
axis six-mirror reflective optical system by
Hudyma. The optical system was divided into two
groups, but he did not give a specific design
method"®. The research group of Professor Li Yan-
qiu of Beijing Institute of Technology proposed a
real ray-tracing grouping design method applied to
off-axis six-reflector and more multi-part reflector
systems, by which the off-axis reflector optical sys-
tem is divided into three groups, the structural para-
meters of each mirror group are determined by real

ray-tracing calculation based on constraint control,
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and finally the structural parameters of the three
mirror groups are spliced!" ', The above methods
have not yet solved the following problems: (1) the
optimization process may produce large disturb-
ances, and the structure deviates too much from the
initial structure, making the constraints difficult to
control; (2) optical design software optimization in
the aberration balance process of low-order aberra-
tion and high-order aberration may appear large re-
siduals, thus making the optical system design resid-
uals large, which is not conducive to the realization
of minimal aberration system.

In order to solve the problem of aberration bal-
ance and multi-constraint control in the process of
initial structure construction, a mathematical model
of off-axis multi-reflection initial structure calcula-
tion is established in this paper based on the group-
ing design method combining spatial ray tracing and
aberration correction"), The Particle Swarm Al-
gorithm (PSO) is used to calculate and solve the
high-dimensional nonlinear mathematical model.
Several common hybrid PSOs are compared. The
proposed PSO with natural selection and shrinkage
factor improves the computational accuracy and
design efficiency, and provides a design fundation
for the design of off-axis multi-reflection optical
systems with minimal aberration optimization po-
tential. In this paper, the above method is applied to
the EUV lithography projection objective optical
system to realize the design of the off-axis six-mir-
ror reflective minimal aberration optical system,
whose main design process includes: (1) divide the
optical system into two groups, namely the object-
side mirror group and the image-side mirror group;
(2) based on the aberration theory and space ray tra-
cing theory, parameterize the structural parameters
of the optical system, establish mathematical mod-
els for the calculation of the corresponding paramet-
ers for the front and rear mirror groups, and join the
front and rear mirror groups to obtain the mathemat-
ical models of the initial structure; (3) the tradition-

al PSOs are compared horizontally, a natural selec-

tion PSO with shrinkage factor is proposed to calcu-
late and solve the initial structure parameters; (4)
optimize the initial structure. Use the incremental
optimization method to avoid excessive changes in
the system structure during the optimization pro-
cess and deviation from the initial structure. Finally,
an off-axis six-mirror reflective optical system with
engineering feasibility is realized, and its integrated

system wave aberration is close to 1/80A RMS.

2 Mathematical model for initial str-
ucture calculation

2.1 Grouping design method

As shown in Figure 1, in this paper, the off-ax-
is six-mirror reflective EUV lithography objectives
are divided into two groups, the object-side mirror
group and the image-side mirror group, and the op-
tical paths of the first near-axis ray and the second
near-axis ray are calculated. The parameters of the
optical system mainly include the miniaturization
magnification of the system as £, the center height
of the object-side field of view as y, the center
height of the image-side field of view as yj,, the nu-
merical aperture of the object-side as NAO, and the
numerical aperture of the image-side as NA. Then
= y-f, NAO=NA-p. The object-side

mirror group and the image-side mirror group are

we can get Vi,

spliced at the intermediate image, and the splicing
should ensure that the object image matches, the pu-
pil matches and the magnification matches. Based
on the above principles, the structural parameters of
the object-side mirror and image-side mirror of the
optical system are parameterized, the spatial ray tra-
cing is introduced, and the constraint parameters of
the optical system, such as blocking, mirror spacing,
image apocenter, aperture and incident angle, are
quantified to establish a mathematical model for the
calculation of the initial structural parameters of the
minimal aberration off-axis six-mirror reflective

EUV lithography objective.
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Fig. 1 Schematic diagram of the Off-axis six-mirror re-

flective optical system structure
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2.2 Aberration analysis of the object-side mir-
ror group (Group 1)
As shown in Figure 2, the height of the center
of the field of view on the object side is y, the aper-

ture angle of the object side is uy, and the dia-

phragm is located at M,. The light starts from the
object field of view and reaches the intermediate im-
age point through M;, M,, M3, M,. Among them, d|,
d,, ds, d4 respectively represent mirror pitch from
M; to M,, mirror pitch from M, to M;, mirror pitch
from M; to M,, and the distance from M, to the
middle the image point IM; hy, h,, hs, hy denote the
heights of the first auxiliary rays on M;, M,, M3, My,
respectively; ry, ry, 13, 14 and ky, k, k3, k4 denote the
radius of curvature and quadratic surface coeffi-
cients of M;, My, M;, My, respectively; Iy, b, b, I
and [, I, I, I are the object and image distances of

M;, My, M3, and M,, respectively.

The third-order monochromatic aberrations
mainly include spherical aberration, comatic aberra-

tion, astigmatism, curvature of field, and distortion,

M,
M, IM
M3
\
\ _—
—
d;
d,
Fig. 2 Group 1 structure schematic diagram
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which are represented by Sy, Sy, Sm, Stv, Sy respect-

ively, and the formula ist* 2"

SIZZhP+Zh4K

SH=ZyP—JZW+Zh3yK

S = Z%P—2JZ%W+JZZ¢+Zth2K
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Based on paraxial approximation conditions,

following parameters are introduced:

_lll

al_l_ZN@, B Z

ll, i ﬁz=li
azzlizﬁ, 12,. (3)

lz, 2 ﬂa=li

’ ’ ﬂ4=i

For this reflection system,
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nm=n'=ns=n/=1n'"=n=n'"=n4=-1, M, where ds and dg denote the mirror distance from

hy = Luy,hy = alyuy, hs = aqapliug, hy = ayanashiu.
4

For the ray tracing of the paraxial chief ray and

the paraxial marginal ray, the following formula is

obtained:
2B
r=—
1+5,
_ 2018181
= ———
146,
= za’lazﬁlﬁzﬁﬂl ’
’ 1485
_ 200,030, 8:53B41
4 1+,
d, 2,3111 _alﬁlll
dr = a,\5,Bxli — a a3, 821y (5)
dy = alazﬂlﬁzﬂ3ll —01|02Q3ﬂ|,32ﬂ311 '
ds = 010,038,853,

The distance between the exit pupil position
and My in Group 1 is

/ _ @1 a3B18B5 [as (=1 +ar — B3) + B3] Bul
exeal a3 (=1 +a;—B3)+ B3+ 6304 )

(6)
Substituting formula (2—4) into (1), the G1 ab-

erration coefficient of the front lens group can be
calculated.
2.3 Aberration analysis of the image-side mir-

ror group (Group 2)

As shown in Figure 3, in the image-side mirror
group, the height of the object-side field of view
center is ys, the height of the image-side field of
view center is yi,, the object-side aperture angle is
us. The light starts from the intermediate image

point and reaches the image point through Ms and

Fig.3 Schematic diagram of the Group 2
K3 Group2 R

M; to Mg and the distance from Mg to the image
plane, respectively; hs and hg denote the height of
the first auxiliary ray on M5 and Mg, respectively; rs,
r¢ and ks, k¢ denote the radius of curvature and quad-
ratic surface coefficient of Ms and Mg, respectively;
Is, ls, and [, [ are the object distance and image dis-
tance of M5 and Mg, respectively.

Similarly, parameters are introduced based on

paraxial approximation conditions:

For this reflection system,

ns = I’lﬁl = 1, n5' =Ng = —1, h5 = l5l/l5,h6 = (l’]l5l/l5.
(8

Perform ray tracing on the paraxial chief ray

and the marginal ray to obtain the following for-

mula:
_2Bsls
rs = ——
1+p;
_ 2asBsPsls
fre = ————
1+
{ds =Psls —asPsls = Is 9)
ds = asfsPels '

The distance between the entrance pupil posi-

tion and Mj; in Group2 is

Bsls(1 + s+ aspfsfs)
1+ Bs + asPsPs + asPs’Bs

According to the optical pupil matching condi-

10

leanZ =

tion, namely, the outgoing pupil of GI coincides
with the incoming pupil of G2. Through calculation,
we can get the distance between the entrance pupil

position and Ms in Groupl is

lexpGll :lcxpGl —(dy=15) =
@10,a3B1 8B Bi’
a;(=1+ay—B3)+B5+B364

Substituting the formula (7-8) into (1) to ob-

+1I;. (11D

tain the aberration coefficient of the rear lens group

G2.

2.4 Mirror group splicing and mathematical
model establishment

According to the splicing principle, which
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mainly includes object image matching, magnifica-
tion matching and optical pupil matching, the fol-
lowing function can be derived after splicing the ob-
ject-side mirror group and the image-side mirror

group:

B = B1B2538485P

V2 = B1BafB3Bsy = %

T BB
Bsls(1+Bs + asBsPs) _
1+ B6 +asBsPBs + asPsBs
, 010’20’3,31ﬁ2ﬁ32,34211
a3 (=1 +ay—B3)+ B3+ B304

lexpGZ ==

lexpG] - 5

12)

The aberration of the coaxial optical system
satisfies the linear superposition, that is, the aberra-
tion of the entire optical system is the sum of the ab-
erration contributions of each element in the optical
system. Therefore, the aberration coefficient of the
off-axis six-mirror reflective optical system is the
sum of the aberration coefficients of Group 1 and
Group 2, and the aberration coefficient of the optic-
al system can be obtained by solving the aberration
coefficients of the two lens groups.

Through the above aberration theory, the third-
order aberration coefficient and structural paramet-
ers of the EUV lithography objective optical system
are calculated. In order to meet some special re-
quirements of the optical system, spatial optical tra-
cing is also introduced, and the special require-
ments of the optical system are taken as constraints
which can effectively control the constraints such as
occlusion, mirror spacing, aperture, image side tele-
centricity, and incident angle during the construc-
tion of the initial structure. Based on the above con-
straints and according to the objective, i.e., the third-
order aberration coefficient is as small as possible,
the evaluation function can therefore be written as

F =f(a1,02,03,05.01 $2.83.84.85Bs:k1.k2 k3 . ka ks ko)
=[S+ IS+ Sul+ Sy |+ Sy | +|constraint s|
=IS11+ISul+1Sm|+ ISyl +ISv ]+

Sum(|Obscuration|+ |BWD| +|TEL|+ |RED|+

|APE| +|AOI)),
(13

where constraints represent the above mentioned
constraints. The evaluation function F reflects the
size of the primary aberration of the optical system
and the constrained control ability. The smaller the
value, the smaller the primary aberration of the ini-
tial structure, the better the aberration control of the
structure, and the bigger the potential for achieving
high imaging quality. In this paper, through aberra-
tion theory and constraint control, a mathematical
model of off-axis six-mirror reflective parameter
design with minimal aberration is established, and
the physical model is transformed into a mathemat-
ical model, which is the problem of solving high-di-

mensional nonlinear parameter equations.

3 Using PSO to calculate and solve
the mathematical model of off-ax-
1s six-mirror reflective initial struc-
ture

At present, the main algorithm for calculating
the initial structure of the optical system structure is

12121 The genetic algorithm

the genetic algorithm
based on biological evolution has good global
search capabilities. Because of its inherent parallel-
ism, multiple individuals comparison can be carried
out at the same time, and its scalability makes it
easy to combine with other algorithms. However,
the poor local search ability of genetic algorithm
results in low search efficiency of genetic algorithm
and a certain dependence on the selection of the ini-
tial population. PSO was proposed by Eberhart and
Kennedy in 1995% The advantage of this al-
gorithm lies in the simplicity, ease of implementa-
tion, versatility, and speed of calculation, and does
not require gradient information. It is an effective
optimization tool for nonlinear optimization prob-
lems, combinatorial optimization problems, and
mixed-integer nonlinear optimization problems. It is
currently widely used in application fields such as
function optimization, neural network training, and

practical engineering. The basic PSO algorithm also
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has certain shortcomings. When dealing with high-
dimensional complex problems, the algorithm tends
to fall into local values; when the problem scale is
large, the algorithm convergence speed is slower
and the accuracy is limited. In order to overcome the
deficiencies of the basic PSO algorithm, the current
related improvements mainly include parameter im-
provement and hybrid algorithm. Parameter im-
provement is mainly through the introduction of
some new parameters, but this also increases the
complexity of the algorithm to a certain extent while
improving the algorithm, including the PSO al-
gorithm with improved weight, the PSO algorithm
with shrinkage factor, and the PSO algorithm with
variable learning factor. Hybrid algorithm is the hot-
spot of PSO algorithm improvement. Combining
other algorithms in PSO algorithm improves the
global search ability and search accuracy of PSO al-
gorithm, including PSO algorithm based on natural
selection, PSO algorithm based on hybridization,
PSO algorithm based on simulated annealing, etc.*%).

Because the learning factors ¢; and ¢, determ-
ine the influence of the particle's own experience in-
formation and the experience information of other
particles on the particle trajectory, they reflect the
information exchange between particle swarms.
When ¢, is set larger, the particles will linger too
much in the local area, when c, is set larger, the
particles will converge to the local minimum prema-
turely. In order to effectively control the flying
speed of particles so that the algorithm achieves an
effective balance between global detection and loc-
al mining, Clerc constructed a PSO algorithm that
introduces a shrinkage factor to ensure the conver-
gence of the PSO algorithm, and can cancel the
boundary limit on the speed, which can effectively
control the flight speed of constrained particles and
enhance the local search capability of the algorithm.

In this paper, a natural selection PSO with
shrinkage factor is proposed to construct the math-

ematical model of the initial structure of the off-ax-

is six-mirror reflective optical system. The above
three hybrid PSO algorithms are compared horizont-
ally, and the shrinkage factor are introduced into the
simulated annealing PSO algorithm and the hybrid
PSO algorithm, and the natural selection PSO al-
gorithm with inertia weight is introduced for com-
parison. Since the condition for introducing shrink-
age factor is ¢;+c,>4. Set ¢,+c; =4.1 in Clerc's meth-
od with shrinkage factor. Figure 4 shows the con-
vergence curves of the four algorithms under 6
groups of different learning factors, where ¢; + ¢, =
4.1 in the group 1-5, and ¢+ ¢; = 4.3 in the sixth
group, the number of particles N=1000, the maxim-
um number of iterations is 100, the annealing con-
stant is 0.42, the hybridization probability is 0.9, the
size ratio of the hybridization pool is 0.2, and the in-
ertia weight factor is 0.7. The minimum evaluation
function values calculated by the four algorithms
with six groups of learning factors are given in
Table 1, respectively. From Figure 4 and Table 1, it
can be seen that for the above 6 groups of different
learning factors, the natural selection PSO with
shrinkage factors has a great improvement in the
calculation accuracy and the convergence speed of
the mathematical model of the initial structure of the
off-axis six-mirror reflective optical system and
which provides a design fundation for the design of
the off-axis six-mirror reflective optical system with
minimal aberration optimization potential.

The main process of the natural selection PSO
with shrinkage factor is shown in Figure 5: Step 1:
establish a mathematical model for calculating the
initial structure of the off-axis six-mirror reflective
optical system, and initialize the position and velo-
city of the particles in the population randomly. Step
2: evaluate the fitness of each particle, store the cur-
rent position and fitness value of each particle in the
individual extreme value of each particle, calculate
the individual extreme value and the global optimal
value, where for each particle the individual ex-

treme value is found, from which a global value is
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Fig. 4 Convergence curves of evaluation functions calculated by four different algorithms for 6 groups of learning factors
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Tab.1 Evaluation function values calculated by four different algorithms for 6 groups of learning factors

®1 6 BFIAT 4 MARELTENITFNRKE

c c Natural selection PSO algorithm Simulated annealing PSO Hybrid PSO algorithm Natural selection PSO algorithm
! 2 with shrinkage factor algorithm with shrinkage factor with shrinkage factor with inertial weight
2.05 2.05 0.0106 0.0985 0.0902 0.2415
22 1.9 0.0174 0.1148 0.0883 0.0289
2.3 1.8 0.0045 0.0373 0.0498 0.0297
2.4 1.7 0.0255 0.0644 0.0472 0.0584
2.5 1.6 0.0126 0.0533 0.0151 0.0407
2.6 1.7 0.0934 0.1212 0.1041 0.1092
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to found, which is called the global optimal solution.
Step 3: based on the shrinkage factor, update the
speed and position of each particle. Step 4: accord-
ing to the fitness value, update the individual ex-
treme value and the global optimal solution among
the particles. Step 5: sort the entire particle swarm
by fitness value, replace the position and velocity of
the worst half with the velocity and position of the
best half of the particles in the swarm, and keep the
individual extreme value and the global optimal
solution unchanged. Step 6: if the termination condi-
tion is met (the error is good enough or the maxim-
um number of cycles is reached), the cycle ends,
otherwise it returns to Step 3. Step 7: solve the off-
axis six-mirror reflective initial structure with min-
imal aberration according to the calculation result of

the algorithm.

Fitness function evaluations

2

Update position and
the velocity of particles

¥

Update global best and
personal bests

v

Sort the fitness and replace
the position and the velocity of particles

F 3

Termination
criterion

¥ Yes

Fig. 5 Flow chart of the proposed algorithm
K5 SR

The initial structure of the off-axis six-mirror

reflective optical system is solved by the natural se-
lection PSO with shrinkage factor. The initial struc-

ture diagram is shown in Figure 6.

Fig. 6 Schematic diagram of initial structure for the off-ax-

is six-mirror reflective optical system

Ko BSR7SEOLERGENIRE R K

4 Optimal design

We optimize the design of the above initial
structure. At the beginning of the optimization, a
high-order aspheric coefficient is added to the quad-
ric surface shape to obtain high imaging quality.
The constraints in the solution of the initial struc-
ture (mirror spacing, no obstruction, incident angle,
mirror aperture, telecentricity, asphericity, etc.) are
not destroyed, so that the optimized result has a
small deviation from the initial structure, and the
disturbanceascontrolledduringheoptimizationprocessIf
it is too large, the extreme value will be skipped, if
it is too small, the result will fall into a local minim-
um).

Based on the above-mentioned initial structure
solution and optimization principles, the design of
an off-axis aspheric six-mirror reflective optical sys-
tem with minimal aberration is realized. Figure 7
shows the design results of the off-axis six-mirror
reflective optical system, and the specific paramet-
ers are shown in Table 2. The total working dis-
tance is 1371 mm, the rear working distance is 38
mm, and the image-side field of view is an arc field
of view of 26 mmx2 mm. The maximum aspheri-
city of the component is 60 pm, and the maximum
distortion of the full field of view of the off-axis six-
mirror reflective optical system is 1 nm, and the dis-

tortion distribution of the full field of view is shown
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in Figure 8 (Color online). The comprehensive wave
aberration of the full field of view is 0.011X RMS,
its full field of view wave aberration distribution is
shown in Figure 9 (Color online). According to the
above design results, the design satisfies the con-
strained control while achieving extremely low ab-
erration, making the EUV lithography objective lens

system more engineering realizable.

Fig. 7 Schematic diagram of the optimized structure for

the off-axis six-mirror reflective optical system
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Distortion distribution in image plane
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32
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Fig. 8 Distortion on full image field for the off-axis six-
mirror reflective optical system
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Wavefront error
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Fig. 9 Wavefront error RMS on full image for the off-axis
six-mirror reflective optical system
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Tab. 2 Specifications of the off-axis six-mirror reflect-

ive optical system

®2 BHWARAFRFRITETESHIER

Parameter Performance
Wavelength/nm 13.5
Numerical Aperture 0.33
Field of view/ mm>xmm 26x2 Arc

Reduction ratio 4
Wavefront error RMS (1) 0.011

Chief ray angle on mask (°) 6
Max distortion/nm 1.04
Max image telecentricity/mrad 1.75
Total track/mm 1371

Max asphere departure/um 60

5 Conclusion

In order to solve the problem of aberration bal-
ance and multi-constraint control in the process of
initial structure construction, a mathematical model
of the initial structure calculation of off-axis six-
mirror reflective is established based on a grouping
design method combining spatial ray tracing and ab-
erration correction. In this paper, the solution accur-
acy and design efficiency are improved by using the
natural selection PSO with shrinkage factor, and a
design fundation for off-axis six-mirror reflective
optical system with minimal aberration optimiza-
tion potential is provided. Using this method, the
design of an off-axis six-mirror reflective optical
system with minimal aberration is realized, and its
comprehensive wave aberration of the full field of
view is 0.011A RMS.

The method proposed in this paper can be ex-
tended to off-axis multi-reflective optical systems,
which can be used to design the off-axis multi-re-
flective initial structures with aberration balance and
multi-constraint control capabilities, providing a
design fundation for off-axis multi-mirror reflective
optical systems with the potential for optimization

of extremely low aberration.
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