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Recently, a set of generalized gradient-based optical proximity correction (OPC) optimization methods have
been developed to solve for the forward and inverse lithography problems under the thin-mask assumption,
where the mask is considered a thin 2D object. However, as the critical dimension printed on the wafer shrinks
into the subwavelength regime, thick-mask effects become prevalent, and thus these effects must be taken into
account in OPC optimization methods. OPC methods derived under the thin-mask assumption have inherent
limitations and perform poorly in the subwavelength regime. This paper focuses on developing model-based
forward binary mask optimization methods that account for the thick-mask effects of coherent imaging sys-
tems. The boundary layer (BL) model is exploited to simplify and characterize the thick-mask effects, leading
to a model-based OPC method. The BL model is simpler than other thick-mask models, treating the near field
of the mask as the superposition of the interior transmission areas and the boundary layers. The advantages
and limitations of the proposed algorithm are discussed, and several illustrative simulations are presented.
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1. INTRODUCTION

Due to the resolution limits of optical lithographic sys-
tems, the electronics industry has relied on resolution en-
hancement techniques (RETs) to compensate and mini-
mize mask distortions as they are projected onto
semiconductor wafers [1]. Resolution in optical lithogra-
phy obeys the Rayleigh resolution limit R=k(N/NA),
where \ is the wavelength, NA is the numerical aperture,
and %k is the process constant that can be minimized
through RET methods [2-5]. In optical proximity correc-
tion (OPC), mask amplitude patterns are modified by the
addition of subresolution features that can precompen-
sate for imaging distortions.

Several approaches to forward and inverse lithography
have been proposed in the literature. Sherif et al. derived
an iterative approach to generate binary masks in inco-
herent diffraction-limited imaging systems [6]. Liu and
Zakhor developed a binary and phase-shifting mask
(PSM) design strategy based on the branch and bound al-
gorithm and simulated annealing [7]. Pati and Kailath
developed suboptimal projections onto convex sets for
PSM designs [8]. In addition, Erdmann et al. proposed au-
tomatic optimization of the mask and illumination pa-
rameters with a genetic algorithm [9]. Pang et al. gave an
overview of inverse lithography technology (ILT) and pro-
vided some simulations to demonstrate the benefit of ILT
[10]. Granik described and compared solutions of inverse
mask problems [11].

Poonawala and Milanfar developed a pixel-based opti-
mization framework for inverse lithography, well suited
for gradient-based search [12]. Ma and Arce generalized
this algorithm so as to admit multiphase components hav-
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ing arbitrary PSM patterns [13,14]. However, both of the
algorithms focus on the coherent illumination system. Re-
cently, Ma and Arce used the sum-of-coherent-systems
(SOCS) model and the average coherent approximation
model to develop effective and computationally efficient
binary mask design algorithms for inverse lithography
under partially coherent illuminations [15,16]. Subse-
quently, Ma and Arce developed a PSM design algorithm
based on a sigular value decomposition (SVD) model un-
der partially coherent systems [17,18]. In addition, they
extended their work to allow for the joint optimization of
the source and the mask [19].

All of the algorithms above, however, have been devel-
oped under the thin-mask assumption, where Kirchhoff’s
boundary condition is directly applied to the mask topol-
ogy and consequently the mask is treated as a 2D object
[20,21]. As the critical dimension (CD) printed on the wa-
fer shrinks into the subwavelength regime, the thick-
mask effects become very pronounced such that these ef-
fects should be taken into account in the mask
optimization. Thick-mask effects include polarization de-
pendence due to the different boundary conditions for the
electric and magnetic fields, transmission error in small
openings, diffraction edge effects or electromagnetic cou-
pling, and so on [20]. The thick-mask effects can be rigor-
ously represented by the near-field pattern of the mask,
which is different from the Kirchhoff approximation of the
mask topography. Two decades ago, Wong and Neu-
reuther discovered the intensity imbalance of alternating
PSM, and applied the finite-difference time-domain
(FDTD) method to study the mask topography effects in
the projection printing of the PSM [22,23]. This phenom-
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enon was proved by experimental results later [24]. Yuan
exploited the waveguide (WG) method to model the light
diffraction of 2D phase-shifting masks [25], which was
subsequently generalized by Lucas to the 3D topography
[26]. Erdmann, et al. evaluated and compared the FDTD
method and the WG method for the simulation of typical
hyper NA (NA>1) imaging problem [27]. Adam and Neu-
reuther introduced domain decomposition methods for
the simulation of photomask scattering [28]. Neverthe-
less, these approaches are too complex to be applied in
model-based binary mask design.

Recently, Azpiroz et al. introduced a novel boundary
layer (BL) model for fast evaluation of the near field of a
thick mask [20,21]. Different from other computationally
complex and resource consuming rigorous mask models,
the BL model treats the near field of the mask as the su-
perposition of the interior transmission areas and the
boundary layers, which have fixed dimensions and deter-
mined locations. The BL model effectively compensates
for the inaccuracy of Kirchhoff’s approximation, which is
attributed to thick-mask effects, different polarizations,
and phase errors. The simplicity and accuracy of the BL
model enables the formulation of a model-based optimiza-
tion algorithm for binary masks. This paper thus focuses
on the formulation of a model-based forward binary mask
optimization algorithm based on the BL model to take
into account the thick-mask effects under coherent illumi-
nation. This is accomplished as follows: First, the optical
lithography process under coherent illumination is formu-
lated as the combination of the BL. model and the Hopkins
diffraction model. The cost function of the binary mask
optimization problem is formulated as the square of the
[2-norm of the difference between the real aerial image
and the desired pattern on the wafer. Then the gradient of
the cost function, referred to as the cost sensitivity func-
tion, is developed and used to drive the cost function in
the descent direction during the optimization process. To-
pological constraints of the binary mask are introduced
and used to limit the minimum opening size of the opti-
mized mask pattern.

The remainder of the paper is organized as follows: The
Hopkins diffraction model of optical lithography systems
is summarized in Section 2. The BL model of coherent im-
aging system is summarized in Section 3. The lithography
preliminaries and the cost sensitivity function are devel-
oped in Section 4. The binary mask optimization algo-
rithm based on the BL model under coherent illumination
is described in Section 5. Simulation results are illus-
trated in Section 6. Conclusions are provided in Section 7.

2. HOPKINS DIFFRACTION MODEL OF THE
OPTICAL LITHOGRAPHY SYSTEM

According to the Hopkins diffraction model, the light in-
tensity distribution exposed on the wafer, referred to as

the aerial image under partially coherent illumination
(PCI), is bilinear and is described by [29]

I(r) = f f M*(r)M(rg) y(ry - ra)h*(r - r)h(r — rp)drdry,

1)
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where r=(x,y), ri=(x1,y1) and rs=(x9,ys). M(r) is the
mask pattern, y(r;-ry) is the complex degree of coher-
ence, and A(r) represents the amplitude impulse response
of the optical system. The amplitude impulse response
h(r) is defined as the Fourier transform of the circular
lens aperture with cutoff frequency NA/\ [30,31]; there-
fore,
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The complex degree of coherence y(r;-rs) is generally a
complex number, whose magnitude represents the extent
of optical interaction between two spatial locations ry
=(x1,y1) and rs=(x9,ys) of the light source [1]. The com-
plex degree of coherence in the spatial domain is the in-
verse 2-D Fourier transform of the illumination shape. In
general, this equation is tedious to compute, both analyti-
cally and numerically [32]. The system reduces to simple
forms in the two limits of complete coherence or complete
incoherence. For the completely coherent case, the illumi-
nation source is at a single point, thus, y(r)=1. In this
case, the aerial image in Eq. (1) is separable on r; and r,,
and thus

I(r) = |M(r) ® h(r)?, (3)

where ® is the convolution operation. For the completely
incoherent case, the illumination source is of infinite ex-
tent, and thus y(r)=8(r). In this case, the aerial image re-
duces to

I(r) = M) @ |h(r)]. (4)

This paper focuses on the binary mask optimization based
on the BL model under coherent illumination. A sche-
matic of an optical lithography system with coherent illu-
mination is illustrated in Fig. 1.
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Fig. 1. (Color online) Optical lithography system with coherent
illumination.
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3. BOUNDARY LAYER MODEL

The Kirchhoff approximation has been extensively used
in the development of OPC methods, where the mask
thickness is assumed to be infinitesimal and the mask is
considered a 2D object. As the CD printed on the wafer
shrinks into the subwavelength regime, however, the
thick-mask effects become significant and thus need to be
taken into account in the design of OPC methods. Al-
though numerous rigorous mask models simulating the
3D electromagnetic field of the mask have been devel-
oped, these models are resource-consuming and too com-
plex to be applied in the model-based binary mask design
for forward lithography.

A. Boundary Layer Model of Coherent Imaging

Recently, Azpiroz et al. introduced a novel BL model for
fast evaluation of the near-field of the thick mask, where
the near field is modeled as the superposition of the inte-
rior transmission areas and the boundary layers with
fixed dimensions and determined locations [20,21]. The
concepts of the BL. model under coherent illumination are
illustrated in Fig. 2, where the polarization of the im-
pending electric field E is assigned to be in the horizontal
direction. Figure 2 shows a typical rectangular opening of
the binary mask with width equal to a and height equal
to b. The harmonic mean of the area’s width a and height
bis d=2ab/(a+b). The near field of the opening is divided
into five areas: A, B, C, D and E. A is the interior trans-
mission area with transmission coefficient 7;=1 for the bi-
nary mask. The transmission coefficients of the boundary
layers depend on the polarization of the electric field of
the impending light. Since the polarization of the electric
field is assigned to be in the horizontal direction, B and D
are the tangential boundary areas with width w and
transmission coefficient 7y, C and E are the normal
boundary areas with width w and transmission coefficient
7n- In the BL model, the relative error of amplitude of the
electric field on the wafer produced by the thin-mask ap-
proximation is measured by the deviation of its real com-
ponent from the EM field value rigorously calculated with
the FDTD method. Experimental results show that the
relative error of amplitude is in proportion to the width of
the boundary layer w and inversely proportional to the
harmonic mean d, represented as

E
—
B
W e
c A E
D

| a |
= a =l

Fig. 2. (Color online) BL: model under coherent illumination,
where the polarization of the electric field is assigned to be in the
horizontal direction. w is the width of the boundary areas; a and
b are the width and height, respectively, of the entire opening
area.
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AE 4w  (2a +2b)w
Rey\ —(=—=—""7"—
E d ab

Boundary Layer Area (real part)
= 5 5
Total Area ®)

where Re{-} denotes the real part of the argument, E is
the total electric field from the Em field value rigorously
calculated with the FDTD method, AE is the electric field
error from the thin-mask assumption, and Re{AE/E} is
the the relative error of amplitude. Given a and b, w can
be calculated from Eq. (5). The deviation of the real com-
ponent is compensated by the opaque boundary layers
surrounding all openings on the mask, whose transmis-
sion coefficients are zero. Given the value of w, it is shown
experimentally that the relative error of phase is in pro-
portion to w and transmission coefficient |77| and in-
versely proportional to the height of the opening b, repre-
sented as

AE 2w 2aw
I — (= —_—= —_—
m E | 77] b | 77] ab

Boundary Layer Area (imaginary part)

= |77T|

>

Total Area
(6)

where Im{-} denotes the imaginary part of the argument.
Subsequently, the relative error of phase is compensated
by the boundary layers with complex transmission coeffi-
cient 7y and width w on the opening edges tangent to the
electric field of the impinging light. The inaccuracy of the
thin-mask approximation is effectively offset by the su-
perposition of complex-valued boundary layers. The real
values of the boundary layers are zero (opaque) around
the area A. The complex values are 7y in the tangential
direction and zero in the normal direction. These values
for »r and 7y have been shown in [20,21] to effectively
compensate for the thin-mask distortion. The transmis-
sion coefficient of the tangential boundary areas, 7, is
calculated from the slope of the linear relation described
in Eq. (6). However, the relationships described in Egs. (5)
and (6) are not accurate when the opening size decreases
below the wavelength. For the BL model to be valid, the
minimum size of the opening must be constrained to be
larger than the wavelength. The simplicity and accuracy
of the BL model are suitable for the model-based binary
mask optimization algorithms.

Azpiroz et al. [20,21] studied two types of optical lithog-
raphy systems. The first one is a 4X projection system
with NA=0.68 and A=248 nm, while in second one NA
=0.85 and A\=193 nm. For the first type of optical lithog-
raphy system, w=24.8 nm, 5;=0.0i, 7y=0, and the mini-
mum allowed opening size on the mask (the width of the
area A) is 248 nm. For the second type, w=14.5 nm, 7y
=0.8i, 7y=0, and the minimum allowed opening size is
200 nm. In our work, we will use the two types of lithog-
raphy systems described by Azpiroz et al. to develop bi-
nary mask optimization algorithms.
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Fig. 3. (Color online) Each source point of the partially coherent
illumination generates a plane wave impending on the mask
plane with incident azimuth angle ¢ and elevation angle 6.

B. Boundary Layer Model of Partially Coherent Imaging
Most practical illumination sources have a nonzero line
width, and their radiation is more generally described as
partially coherent. In contrast to coherent illumination
having a deterministic polarization, partially coherent il-
lumination consists of an unpolarized source. For the un-
polarized source, the field polarization varies randomly,
and the field components generated by different source
points are not correlated and are added incoherently [33].
Assume that each source point of the partially coherent
illumination generates a plane wave impinging on the
mask plane with incident azimuth angle ¢ and elevation
angle 6, as shown in Fig. 3. It is shown in Fig. 4(a) that
the unpolarized source can be modeled by the superposi-
tion of two linearly polarized plane waves, which are mu-
tually orthogonal and normal to the propagation direction
[30]. The polarization directions of the electric fields cor-
responding to the TE (é7z) and TM (€73, modes are cal-
culated as

&g = — sin ¢pPx + cos ¢Py, (7

€y = sin 6 cos ¢pPpx + sin 6 cos Py — cos 6Py, (8)

(a)
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where px and py are the unit vectors along the Py and Py
axes, and pz=px X Py-

When the incident elevation angle is small, the Hop-
kins approximation can be used to model the partially co-
herent illumination. In this case, the oblique impending
plane wave is assumed equal to the normal impending
wave except for the corresponding frequency shift. As il-
lustrated in Fig. 4(b), based on the Hopkins approxima-
tion, the TE and TM modes of the unpolarized source can
be approximated to have constant directions along the Px
and Py axes [33,34]. Therefore, the BL model of partially
coherent illumination is approximated as the superposi-
tion of the BL model in the coherent imaging system con-
tributed by each source point. For the on-axis source
point, the BL model parameters are described in Subsec-
tion 3.A. For the off-axis source point, these boundary
layer parameters have also been proven to lead to accu-
rate results in the 4X optical lithography system with
partial coherence factor o <[0.3,0.6] [33].

4. LITHOGRAPHY PRELIMINARIES AND
COST SENSITIVITY FUNCTION

This section focuses mainly on the problem formulation of
the binary mask optimization in the coherent imaging
system. Let M(x,y) be the input binary mask to an optical
lithography system TY{-} with coherent illumination. The
system TY{-} includes two steps. The first step is the evalu-
ation of the near field of the thick mask, which is based on
the BL model. The second step is the optical imaging sys-
tem leading to the aerial image on the wafer, which is ap-
proximated by the Hopkins diffraction model. The output
aerial image on the wafer is denoted as Z(x,y)

=T{M(x,y)}. Given a N X N desired output pattern Z(x,y),
the goal of OPC mask design is to find the optimized

M(x,y) called M(x,y) such that the distance

D =d(Z(x,y),Z(x,y)) = d(T{M(x,y)}, Z(x,y)) 9)

(b)

Fig. 4. (Color online) (a) Source polarization modes of TE and TM. (b) Approximated source polarization modes of Ex and Ey (redrawn

based on Fig. 4.11 in [33]).
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is minimized, where d(-,-) is the square of the /2-norm
criterion. The OPC optimization problem can thus be for-

mulated as the search for M(x,y) over the NXN real
space RN such that

M(x,y)= argmin d(T{M(x,y)},Z(x,y).  (10)

M(x,y) emN*N

The forward imaging process is illustrated in Fig. 5.
The electric field propagating through the thick-mask
pattern is affected by the 3D topography of the mask,
forming the near field, which is then influenced by diffrac-
tion and mutual interference in the optical imaging sys-
tem. Light that is transmitted through the optical system
reaches the photoresist and forms the aerial image. In
Fig. 5, || is the element-by-element absolute operation,
and the output of the convolution and the absolute opera-
tion model is the intensity distribution of the aerial im-
age.

Following the definitions above, the following notation
is used:

(1) The My« matrix represents the mask pattern,
with entry values equal to 0 or 1 for the binary mask. The
N2 X1 equivalent raster scanned vector representation is
denoted as m.

(2) The I'yxn(M) matrix, with all entry values equal to
0 or 1, represents the interior transmission area pattern
of the near field corresponding to the mask M. Its vector
representation is denoted as 7y.

(3) The I'l and I'| represent the shifted version of T by
shifting I' along the vertical direction (up and down, re-
spectively) by one pixel. Their vector representations are
denoted as y] and 7|.

(4) The Fy (M) matrix represents the near field cor-
responding to the mask M, with complex entry values. Its
vector representation is denoted as f. Let the polarization
of the impinging electric field E be in the horizontal direc-
tion. For the binary mask in the first type of optical li-
thography system, all the BLs are opaque, with transmis-
sion coefficient 0. In order to represent all the features on
the mask by an integral number of pixels, the pixel size is
assigned equal to the greatest common divisor between
the BL width and the minimum opening size; thus, the
pixel size is set to be 24.8 nm. The minimum opening size
is 248 nm =10 X pixel size. Thus, the near field is the same
as the interior transmission area. Therefore,

fo=% p=12,... N (11)

i
=

i — —>
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For the binary mask in the second type of optical lithog-
raphy system, the normal BLs are opaque and the tan-
gential BLs have complex transmission coefficient of 0.8i.
The pixel size is set to be 14.5 nm. In order to represent
the minimum opening size by an integral number of pix-
els, the minimum opening size is increased to be 203 nm
=14 X pixel size. Therefore

I
0.8/ : (y,-n=1and y,=0) or (y,,y=1and y,=0)
o otherwise ‘
(12)
Equation (12) can be rewritten as
1 =0.8/(1- %) %-~n+0.8(1 = %) Ypin + Y
p=12,...,N?, (13)

where y,=0, if p<1 or p>N>.

(5) A convolution matrix H is an N2 X N2 matrix with
an equivalent 2D filter A.

(6) The desired N X N binary output pattern is denoted

as Z. It is the desired aerial image sought on the wafer.
Its vector representation is denoted as z.
(7) The initial interior transmission area of the optimi-

zation process is Z. The corresponding initial mask pat-

tern is M.
(8) The output aerial image is the N XN matrix de-
noted as

Z = |H{F)P. (14)

The equivalent vector is denoted as z.
(9) The optimized mask denoted as M minimizes the
distance between Z and Z; i.e.,

M = argmin d(|H{F}|2,Z). (15)
M

Given the output aerial image z=|H{f}/%, the pth entry in
this vector can be represented as

N? 2

2= | D hpfy| »  P=1,...N% (16)

q=1

Hif})f — z

Mask Near field evaluation based Convolution approximation Output aerial image
on the BL model of image formation process

Fig. 5. Approximated forward imaging process based on the BL model under coherent illumination, where the polarization of the elec-

tric field is assigned to be in the horizontal direction.
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where A, is the (p,q)th entry of the filter. The cost func-
tion is the /2-norm of the difference between z and Z.
Therefore,

NZ
D=[z-2l=> E,-2,% (17)

p=1

where z, in Eq. (17) is represented in Eq. (16).

The performance of the OPC optimization algorithm is
evaluated by the output pattern error, which is defined as
D in Eq. (17). According to Eq. (17), the output pattern er-
ror results from the comparison between the desired pat-
tern and the aerial image without threshold. Thus Eq.
(17) does not account for the photoresist effect. It has been
proven that ignoring the photoresist effect may improve
the aerial image contrast [35].

In the following, the sensitivity of the cost function D
with respect to the change of the interior transmission
area will be used to guide the optimization process. The
sensitivity of the cost function D is dD/dy. For the first
type of optical lithography system, )

aD/éy=~H"[Z-2)OH(y)], (18)

where T is the conjugate transposition and © is the
element-by-element multiplication operation. For the sec-
ond type of optical lithography system,

dD/3y= -4 Re{H"[(Z - 2) OH()]O(0.8iy1+ 0.8iy|+ 1)
+H'[(Z-2)OH(H]© 0.8i(1 - y])
+H'[(Z-2)0H(P11© 0.8i(1 - y1)}, (19)

where Re{-} denotes the real part of the argument; 1 and
| are shifting operations by shifting the N XN equivalent
matrix of the vector in the argument along the vertical di-
rection (up and down, respectively) by one pixel.

The proposed OPC optimization framework in this sec-
tion is developed for coherent imaging systems and can be
extended for partially coherent imaging systems. As de-
scribed in Subsection 3.B, the BL model under partially
coherent illumination is approximated as the superposi-
tion of the BL model in coherent imaging system contrib-
uted by each source point. Thus, the partially coherent
imaging system can be decomposed into the superposition
of several coherent imaging systems based on the SOCS
model [29]. The near-field on the exiting surface, contrib-
uted by each coherent component, can be evaluated by the
BL model in coherent imaging system. The overall near
field is the superposition of the near field resulted from all
coherent components. Given the overall near field, the
aerial image projected on the wafer under partially coher-
ent illumination can be calculated using the SOCS model.
Following the derivation in this section, the OPC optimi-
zation problem can be formulated in a partially coherent
imaging system. However, this extension is out of the
scope of this paper and will be performed in future work.
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5. BINARY MASK OPTIMIZATION
ALGORITHM BASED ON THE BL MODEL
UNDER COHERENT ILLUMINATION

A. Topological Constraint

According to the BL model summarized in Section 3, the
interior transmission area has a one-to-one correspon-
dence to the mask. Therefore, the proposed OPC mask de-
sign algorithm directly optimizes the interior transmis-
sion area, from which the mask can be easily
reconstructed. The BL model constrains the minimum
size of the openings on the binary mask [20,21]. In order
to meet the requirements, some topological constraints
are imposed in the optimization process of the interior
transmission area [36,37]. In the following, some defini-
tions and operations for shape topologies are listed.

Definition 1 (white block and black block). Any pixel in
the interior transmission area can have a value of either 0
or 1. A white block is a square area with all pixels values
equal to 1, while a black block has all of its pixels equal to
0.

Definition 2 (flipping-on and flipping-off operations).
Turning a pixel value from 0 to 1 and from 1 to 0 are re-
ferred to as flipping-on and flipping-off a pixel. In general,
flipping-on and flipping-off operations of a block means to
turn the block into a white block and into a black block.

Definition 3 (type I singular pixel). A type I singular
pixel is one that does not belong to any L X L white block
on the interior transmission area pattern I', where L de-
pends on the minimum opening size of the BL model.

Definition 4 (type II singular pixel). A type II singular
pixel is one that does not belong to any 3 X 3 black block
on the interior transmission area pattern I'. Since the
openings on the optimized binary mask contain more sur-
rounding boundary layers than the corresponding interior
transmission areas, the type II singular pixel introduces
the merging of adjacent openings on the mask.

Definition 5 (cost sensitivity matrix of a block). The cost
sensitivity function corresponding to a block G on the in-
terior transmission area pattern, calculated by Eq. (18) or
Eq. (19), is VD(G) defined as the cost sensitivity matrix of
the block G.

Definition 6 (changeable block). A KX K changeable
block is a block whose cost sensitivity matrix contains K
positive or negative values. If the cost sensitivity matrix
contains K positive values, the block is defined as a posi-
tive changeable block, and vice versa. Note that a block
may be both positive and negative changeable blocks at
the same time.

In our binary mask optimization approach, only the
positive or negative changeable blocks are considered to
be flipped-off or flipped-on. These topological constraints
guarantee that the features of the optimized binary mask
are larger than the minimum opening size.

B. Binary Mask Optimization Algorithm Based on the
BL Model under Coherent Illumination

Following the topological constraints, the proposed binary
mask optimization algorithm is described in the follow-
ing, where the parameters K in Step 3 and L used in
Definition 3 depend on the minimum opening size of the
BL model.
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Step 1: Initialization of the interior transmission area
pattern: I'=Z. The corresponding initial
mask pattern is M.
Step 2: Calculate the cost sensitivity function using Eq.
(18) and (19).
Step 3: Scan the cost sensitivity matrix from top to bot-
tom and from left to right. Find the first
encountered K X K changeable block G.
Step 4: Flip-on or flip-off G if it is a negative or positive
changeable black.
Step 5: If (flipping operation has introduced type I or
type II singular pixel)
flag=1.
Step 6: If (flag=1) or (cost function D is increased) or
(any pixel value#0 or 1)
restore G to its original values.
Step 7: Clear the cost sensitivity matrix of G:VD(G)=0.
Step 8: If VD #0
Go to step 3.
Otherwise
If no block is flipped in the current iteration
End.
Otherwise
Go to step 2.

6. SIMULATIONS

To prove the efficiency of the proposed algorithm, the op-
timization method described in Subsection 5.B is used to
design a mask targetting the desired aerial image shown
in Fig. 6. In Fig. 6, p is the pitch width. For the first type
of optical lithography system, p=49.6 nm, and the system
parameters are NA=0.68 and \=248 nm. Since the sys-
tem is a 4X projection system, the pitch width of the ini-

tial interior transmission area pattern T of the optimiza-
tion process is 198.4 nm. In the simulation, the initial
mask pattern has the dimension of 4.56 um X 4.56 um.
The pixel size is 24.8 nm X 24.8 nm, which is the same as
the boundary width. The convolution kernel shown in Eq.
(2) is assumed to vanish outside the area Aj,; defined by
x,y € [-248 nm, 248 nm]. The parameters of the optimiza-
tion algorithm are K=L =8. The simulations results using
the algorithm depicted in Subsection 5.B for the first type
of optical lithography system are shown in Fig. 7. The top
row (from left to right) shows the initial mask pattern and

~

Fig. 6. Desired pattern of the aerial image searched on the
wafer.
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the corresponding output aerial image, with output pat-
tern error of 2791.2. Middle row (from left to right) shows
the optimized binary mask using the algorithm depicted
in Subsection 5.B based on thin-mask approximation and
the corresponding output aerial image, with output pat-
tern error of 1975.4. The bottom row (from left to right)
shows the optimized binary mask based on the BL model
and the corresponding output aerial image, with output
pattern error of 1868.9. Black and white represent 0 and
1, respectively. It is shown that optimization of the binary
mask based on the thin-mask approximation reduces the
output pattern error by 29.2%, while the algorithm based
on the BL model reduces the output pattern error by
33.0%.

For the second type of optical lithography system, p
=43.5 nm, the system parameters are NA=0.85 and \
=193 nm. The pitch width of the initial interior transmis-

sion area pattern T of the optimization process is 174 nm.
In the simulation, the initial mask pattern has the dimen-

M

T{M}

1
0.8
0.6
0.4
0.2
50 100 150 0

Pattern Error=2791.2

50 100 150

T{M'}
1
0.8
0.6
100
0.4
150 0.2
0
50 100 150
Pattern Error=1975.4
T{M;
- o 1
- e .
. e

50 100 150
Pattern Error=1868.9

Fig. 7. Binary mask optimization based on the BL model for the
first type of coherent optical lithography system. A =248 nm. Top
row (from left to right), the initial mask pattern and the corre-
sponding output aerial image. Middle row (from left to right), the
optimized binary mask based on the thin-mask approximation
and the corresponding output aerial image. Bottom row, (from
left to right) the optimized binary mask based on the BL model
and the corresponding output aerial image. Black and white rep-
resent 0 and 1, respectively.



1694 J. Opt. Soc. Am. A/Vol. 26, No. 7/July 2009

sions 4.00 um X4.00 um. The pixel size is 14.5 nm
X 14.5 nm, which is the same as the boundary width. The
convolution kernel is assumed to vanish outside the area
A} defined by x,y € [-290 nm, 290 nm]. The parameters
of the optimization algorithm are K=L=12. The simula-
tions results for the second type of optical lithography
system are shown in Fig. 8. The top row (from left to
right) shows the initial mask pattern and the correspond-
ing output aerial image, with output pattern error of
7926.9. The middle row (from left to right) shows the op-
timized binary mask using the algorithm depicted in Sub-
section 5.B based on the thin-mask approximation and
the corresponding output aerial image, with output pat-
tern error of 7766.5. The bottom row (from left to right)
shows the optimized binary mask based on the BL model
and the corresponding output aerial image, with output
pattern error of 6897.4. Black and white represent 0 and
1, respectively. It is shown that optimization of the binary
mask based on the thin-mask approximation reduces the
output pattern error by 2.0%, while the algorithm based

M T{M}

50 100 150 200 250 50 100 150 200 250

Pattern Error=7926.9

T{M'}

50 100 150 200 250
Pattern Error=7766.5

T{M}

50 100 150 200 250

50 100 150 200 250 50 100 150 200 250

Pattern Error=6897.4

Fig. 8. Binary mask optimization based on the BL model for the
second type of coherent optical lithography system. A=193 nm.
Top row (from left to right), the initial mask pattern and the cor-
responding output aerial image. Middle row (from left to right),
the optimized binary mask based on the thin-mask approxima-
tion and the corresponding output aerial image. Bottom row
(from left to right), the optimized binary mask based on the BL
model and the corresponding output aerial image. Black and
white represent 0 and 1, respectively.

X. Ma and G. R. Arce

on the BL model reduces the output pattern error by
13.0%. As shown in Figs. 7 and 8, the proposed binary
mask optimization algorithm effectively reduces the out-
put pattern errors and obtains more desirable aerial im-
ages. The performance differences between the optimiz-
ing mask based the on thin-mask approximation and BL
model show the necessity that the proposed algorithms
take into account the thick-mask effect. These results are
consistent with those obtained in other simulations with
different desired patterns.

For both of the simulations above, the computation was
done on an Intel Pentium4 CPU, 3.40 GHz, 1.0 GB of
RAM. Matlab is used as the software platform to program
and perform the OPC optimization.

7. CONCLUSION

This paper studies binary mask optimization for model-
based forward lithography taking into account the thick-
mask effects under coherent illumination. The BL model
is applied to evaluate the near field of the thick mask.
Based on this model, the binary mask optimization algo-
rithm is proposed for two typical kinds of optical lithogra-
phy systems. Topological constraints are applied in the
optimization framework to limit the minimum feature
size on the mask. Simulations illustrate that our ap-
proach is effective and practical.
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