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Abstract — Nanomanufacturing refers to the manufacturing of
products with feature dimensions at the nanometer scale. This
paper presents the fundamental concepts and key issues of
computational lithography and computational metrology for
nanomanufacturing. We demonstrate their potentials and
challenges by providing several examples carried out in our
research group. We believe and expect that they will play a
significant role in the future nanomanufacturing.
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1. INTRODUCTION

Nanomanufacturing refers to the manufacturing of products
with feature dimensions at the nanometer scale. It is an
essential bridge between the newest discoveries of fundamental
nanoscience and real-world products by nanotechnology. For
nanotechnology-enabled products to achieve broad impacts to
society and to promise huge benefits to our everyday lives,
they must be manufactured in market-appropriate quantities by
reliable, repeatable, economical, and commercially viable
methods [1].

It is well recognized that currently there are two paths for
nanomanufacturing. One is the bottom-up method, or self-
assembly method, and the other is the up-down method, which
is based on nanoscale patterning [2]. Although the bottom-up
method takes advantage of using the natural tendency of
materials to spontancously coalesce into shapes of
technological importance without relying on any complex and
expensive tools, the number of achievable shapes and workable
materials is limited, which places severe restrictions on the
types of nanostructures that can be achieved. As one of the
most maturated and sophisticated patterning methods, the
optical lithography technique has been widely used for the high
volume of conventional semiconductor manufacturing as well
as novel nanomanufacturing. Nowadays, with the technology
node reaching 45nm and 32nm, and even moving towards
22nm and below, the critical challenge for lithography-based
nanomanufacturing is the requirements including predictive
simulation of lithographic processes, optimal design of mask
patterns, and in-line characterization of lens properties.
Fortunately, the computational lithography technique provides
a feasible and efficient approach to these requirements, by
investigations of physical understanding, mathematical
abstraction, and implementation simplification of real-world

Another most critical issue to the realization of
nanomanufacturing is the development of necessary
instrumentation and metrology at the nanoscale. The currently
available metrology tools such as scanning probing microscope
(SPM), transmission electron microscope (TEM), scanning
electron microscope (SEM) and atomic force microscope
(AFM), are capable of meeting the exploratory nanoscale
research, but new nanotechnology industries that mass-produce
products require high-performance, cost-effective, reliable
instrumentation and improved measurement methods that meet
the requirements of effective nanomanufacturing [4, 5]. The
optics-based metrology tools, which have drawn more and
more attention in semiconductor manufacturing because of
their attractive advantages, such as low cost, non-contactness,
non-destruction, and high throughput, may be one of the best
choices. Overall, the optics-based metrology can be classified
into two categories, namely the model-free and the model-
based methods [6]. The model-free metrology, such as the
conventional optical microscopy, directly determines the
dimensional information from the “best-focus” images.
However, due to the diffraction limit, it is difficult for the
optical microscopy to obtain sharp images of the features
smaller than half the wavelength of illumination (about 200 nm
for the visible region) even at the best focus position, Therefore,
this kind of WYSIWYG (what you see is what you get)
metrology seems to be helpless for nanoscale dimensional
analysis. In contrast, the model-based metrology, such as
scatterometry, does not depend on the images with well defined
edges and allows for the indirect determination of the
geometrical parameters of the measuring targets from the
measured signatures [7, 8]. Since this model-based metrology
heavily relies on the forward optical modeling and the inverse
parameter extraction, which are both computationally intensive,
here we term this metrology as computational metrology. To
the best of our knowledge, it is the first time we give this term
similar to the case of computational lithography, with emphasis
on solving the mathematical problems.

In this paper, I will present the fundamental concepts and
key issues of computational lithography and computational
metrology for nanomanufacturing. Their potentials and
challenges are demonstrated by providing several examples
carried out in our research group.

II. COMPUTATIONAL LITHOGRAPHY

The main physical components of a typical lithographic

optical lithography [3] imaging system contains four elements, namely the
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illumination source, the mask pattern, the pupil (projection
lens), and the aerial image (or resist image), as shown in Fig.1
(a). Based on the Hopkins imaging theory [9], the image
intensity at a space point X can be written in terms of the pairs
of spatial-frequencies of the object spectra O(f;) and O(f,),
which respectively correspond to the Fourier transform (FT) of
the mask function m(x;) and m(x,):

1(x) = [[O(£)0" (])TCC(H, £, ) exp[-27i(f, ~1,) - x] d df,, (1)

where f, f;, f, are variables that are two-dimensional real
vectors representing the normalized spatial-frequency pupil
coordinates, and TCC is introduced as the concept of
transmission cross-coefficient, which is expressed as:

TCC(f,,1,) = [SEHE +£)H' (f +£,)df, 2)

where S(f) is the effective source function, and H(f) is the pupil
function given by

H(f) = P(f)exp[—ikW (f)]. 3)

Here, P(f)=circ(f) is the unaberrated pupil function, k=27/A is
the wave number; A is the wavelength of the monochromatic
light source, and W(f) is the aberrated wavefront.

According to the particular nanomanufacturing
requirements including predictive simulation of lithographic
processes, optimal design of mask patterns, and in-line
characterization of lens properties, the aerial image intensity
1(x), the mask function M(x) and the wavefront aberration W(f)
need to be both fast and accurately calculated. Therefore, as
shown in Fig. 1 (b), the computational lithography involves
three key issues and techniques, namely (1) the aerial image
simulation, (2) the mask pattern optimization, and (3) the pupil
phase retrieval. The aerial image simulation for a specific
lithographic imaging system is a traditional forward process in
computational lithography. The mask pattern optimization,
which is well known as the inverse lithography technique, aims
at deriving the optimal mask pattern for a desired image. The
pupil phase retrieval can be treated as an extended inverse

problem in computational lithography.
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Figure 1. Principle of computational lithography.

A. Aerial Image Simulation

The aerial image simulation for a specific lithographic
imaging system is a traditional forward process in
computational lithography, with the combination of known
variables of source, mask and pupil. The theories of aerial

image formation of the lithographic imaging system can be
roughly categorized into the Abbe’s theory and the Hopkins’
theory. The Abbe’s theory considers that the source is
constructed by a number of incoherent source points. Thus, the
total aerial 1image intensity can be treated as the
superimposition of all the intensity caused by these source
points. Although the Abbe’s theory takes the advantage of
representing the physical process of real imaging process
directly, the computation speed of this method is limited
because the fast Fourier transform (FFT) is needed for the
intensity calculation of every source point. Therefore, it is
time-consuming to obtain a high accuracy in aerial image
simulation by the Abbe’s theory. In contrast, in Hopkins’
theory the partially coherent imaging formulation as shown in
Eq. (1) has been widely used for the aerial image simulation.
For the two-dimensional aerial image simulation, the
Hopkins’s formulation involves a quadruple integral over the
pupil plane with a four-dimensional (4D) TCC.

The calculation of the 4D TCC matrix is a key step of the
aerial image simulation. The fast TCC calculation algorithm
can be mainly classified into the analytical algorithm and the
matrix-based algorithm. The analytical algorithm is quite
efficient and accurate as a key step for analytical aerial image
formation. It was first proposed by Kintner for one-
dimensional masks with circular aperture and aberration-free
optics [10]. Subramanian extended this algorithm so that
defocused image with square pupil could also be supported
[11]. Most recently Yamazoe reported a matrix-based fast
algorithm for TCC calculation according to Abbe’s theory [12].
He introduced a matrix known as pupil shift matrix, and proved
that the TCC matrix is simply the product of the pupil shift
matrix and its Hermitian conjugate. Kohle provided another
matrix-based TCC calculaton algorithm based on the two-
dimensional FFT since TCC can be treated as a generalized
convolution in the frequency domain [13]. He also applied the
poly-phase decomposition method to perform decimation
which leads to a faster speed for bitmap apertures. Each of
these algorithms has its advantages and disadvantages with a
compromise necessary to achieve a balance between the
accuracy and speed. As shown in Fig. 2, we present a slice of
the 4D TCC calculation results conducted on the mainstream
illumination sources commonly used in current lithographic

tools.
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Figure 2. A slice of the 4D TCC calculation results conducted on the
mainstream illumination configureations in current lithographic tools,
including (a) conventional, (b) annular, (c) dipole, and (d) quadrupole sources.
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Since the 4D TCC matrix contains all the information of the
illumination source and the pupil where the aberrations and
defocus of the optical system are included, the TCC matrix can
be calculated only once for different mask patterns in the aerial
image simulation. It is thus possible to decompose the 4D TCC
matrix into a fewer kernels in advance, and then these kernels
are used to speed up the aerial image calculation. This method
for partially coherent imaging systems is referred to as the
optimal coherent approximations (OCA) or more commonly as
the sum of coherent system decomposition (SOCS) [14, 15], in
which the TCC matrix is decomposed into eigenvalues and
eigenfunctions by singular-value decomposition (SVD):

1CCH, 1) =Y 40, (1)L, @

where 7 indicates the nth order decomposition, A, is the
eigenvalue, and ¢,(f) is the eigenfunction. Figure 2 depictss the
first 6 eigenfunctions in a lithographic imaging system with a
circular source (6=0.5) and aberration-free pupil.
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Figure 3. The first 6 eigenfunctions of a optical imaging system with a
circular source (6=0.5) and free-aberration pupil.

It is noted that the eigenvalues decrease rapidly with the
order increasing, it is thus possible to only use the first few N
eignenvalues and eigenfunctions (called optical kernels) to
approximate the aerial image calculation with high accuracy:

GG 5)

where FT denotes the Fourier transform.

I(x) = i/ln

B.  Mask Pattern Optimization

The mask pattern optimization aims at deriving the optimal
mask pattern for a desired image with the combination of
known variables of source and pupil. The desired image is
usually the given resist image, which can be treated as a natural
extension of the aerial image by considering the resist effect.
Therefore, the imaging formation process can be
mathematically expressed as [16]:

z(x) = T{m(x)} s (6)

where T{-} is the forward model such as Eq. (5) which maps
the input mask function m(x) into the output resist image
function z(x). Thus, the mask pattern optimization can be

treated as the well-known inverse lithography technique which
is beneficial in creating a both physically realizable and
functionally adequate mask pattern:

m(x)=arg rI£1(1XI)1 d[z*(x), T{m(x)}}. (7

Here, z'(x) is the desired output resist image. The problem is to
seek a pre-distorted input mask function m(x) with an output
2(X)=T{m(x)} that is mostly close to the desired output z'(X).
This can be achieved by searchmg the space of 1nputs and
choosing the m(x) which minimizes the distance d[z'(X), z(x)].
Since the mask pattern to be determined is represented by a
gray-level image and unconstrained by the topology of the
original physical design, the inverse lithography technique
generally promises to deliver superior pattern fidelity over the
existing model-based optical proximity correction (OPC)
approaches. As shown in Fig. 4, we present a simulation result
of pixel-based mask optimization using the steepest gradient
algorithm. It is clear that both of the optimized gray mask and
binary mask demonstrate a great improvement in fidelity with
the desired pattern.
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Figure 4. Results of mask optimization through inverse lithography

technique, (a) is the result of initial mask which equal to the target pattern, (b)
and (c) are the optimized gray mask and binary mask, respectively.

One of the most critical issues in mask pattern optimization
is to achieve both of the mathematical description for physical
modeling and the mask regularization that provides suitable
control of lithography robustness and mask manufacturability
[3]. As shown in Fig. 4, the pixel-based algorithm in inverse
lithography technique leads to the flexible mask transform and
thus increases the complexity of optimized mask patterns and
fabrication difficulty. Therefore, regularization terms are
highly desired to guarantee the optimized mask pattern to be
binary and less complex:

(%) =argmin(d (2" (), T{m(OD,Rim(X)}), — (8)

where R{m(x)} is the regularization term. Generally, the
regularization terms include quadratic penalty which guarantee
the optimized mask pattern to be binary, and complexity terms
such as total variation penalty and wavelet penalty which
constrain the topology of the optimized mask [16-18]. As
shown in Fig. 5, we present some examples of mask
optimization with these regularization terms. By introducing
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the quadratic penalty regularization term as shown in Fig. 5(a),
the simulation result achieves an excellent fidelity of binary
mask, but also generates intricate pattern topology. The total
variation penalty regularization term is subsequently added to
suppress the isolated holes, protrusions and jagged edges, and
as shown in Fig. 5(b), this kind of penalty is noted to force the
pattern changes to be spatially smoother and less abrupt. The
effect of wavelet penalty regularization term is shown in Fig.
5(c), which provides another significant approach to remove
the unwanted details such as small peaks and makes the shape
of the blocks constructing the mask more regular. Although
tiny pattern error appears when introducing the complexity
penalty terms, the manufacturability of the mask pattern is
improved greatly.
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Figure 5. Results of mask pattern optimization using regularization terms.

C. Pupil Phase Retrieval

The pupil phase retrieval is an equivalent concept of
characterizing the amount of lens aberration in lithographic
imaging systems, with the combination of known parameters of
source, mask, and aerial image. The Zernike series
representation is useful as it provides explicit expressions for
the well-known low order aberrations such as spherical, coma,
astigmatism, etc., while higher-order polynomials are less
significant in the description of aberrations [19, 20]. However,
in order to meet the requirement of optical path tolerances on
the order of several nanometers over extremely large aperture
of current projection lens, the higher-order coefficients of
Zernike polynomials are becoming increasingly important for
monitoring lens performance on a regular basis. Moreover, in
the current optical lithography processes for semiconductor
manufacturing, partial coherent illumination sources have been
widely used for the need of stringent critical dimension (CD)
control. Therefore, it is highly desirable to develop a novel
technique for in situ measurement of lens aberrations up to the
37th (or even higher-order) Zernike coefficient in lithographic
tools with partially coherent illumination sources and
arbitrarily shaped illumination sources.

Similar to the mask pattern optimization, the pupil phase
retrieval can be treated as an extended inverse problem in
computational lithography technique:

W(f)=arg min d(I'(x,D), T{W (£):0(f).D}). 9)

where D is the defocus value (in nanometer) of the image plane,
T{-} is the forward model such as Eq. (5) which maps the input
wavefront aberration W/(f) into the output aerial image (or resist
image) I(x, D)=T{W(f); O(f), D} for a special mask pattern
spectrum O(f) at a certain defocus value D, and '(x, D) is the
measured aerial image (or resist image). Compared to the ill-
posed inverse problem in the mask pattern optimization, the
solution of the inverse problem in pupil phase (or lens
aberration) retrieval has the properties of existence and
uniqueness based on a set of aerial images (or resist images)
corresponding to multiple defocus values. In addition, by using
specially designed mask patterns such as a set of binary
gratings with different pitches and orientations, the nonlinear
model 7{-} can be physically and mathematically simplified as
a linear relationship between the wavefront aberration and the
first-order spectrum of the aerial image [21].

Recently, we proposed an aerial image based aberration
measurement technique with generalized formulations suitable
for arbitrarily shaped illumination sources by further derivation
of the analytical aberration sensitivities based on the Hopkins
theory of partially coherent imaging [22]. The aberration
sensitivities can be categorized into odd and even types, each
of which is presented as an aberration sensitivity function
determined by independent variables of the Zernike order,
source distribution and pupil position. With a set of Zernike
orders, these aberration sensitivities can be considered as a set
of analytical kernels which succeed in forming a sensitivity
function space for aberration measurement under arbitrarily
shaped illumination sources. As shown in Fig. 6, by the
expansion of measurable information of through-focus images
into the sensitivity function space, Zernike coefficients up to
the 37th order can be conveniently obtained by the least-square
method. Figure 7 illustrates the aberration measurement (pupil
phase retrieval) results for the quadrupole illumination source.
This aerial image based aberration measurement technique has
been proved to be simple in implementation and yield a
superior quality of in-line monitoring of imaging performance
of current lithographic tools for nanomanufacturing.
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Expansion of the measurable information of through-focus images
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Figure 7. Results of pupil phase retrieval by aerial image based technique.
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III. COMPUTATIONAL METROLOGY

In this section, we take the scatterometry as a particular
example to demonstrate the fundamental concept and key
issues of computational metrology for nanomanufacturing. The
scatterometry is based on the conventional reflectrometry or
spectroscopic ellipsometry (SE), in which a collimated beam
that is polarized in a known state and projected onto the sample,
and the state of polarization of the reflected wave is analyzed.
From the incident and reflected states of polarization, the
intensity of the reflected light under different states of
polarization, or the ratio of complex coefficients for the
incident orthogonal linear polarizations parallel and
perpendicular to the plane of incidence are determined [7, §].
These output parameters are subsequently related to the
structural and optical properties of the ambient-sample
interface region by invoking an appropriate model and the
electromagnetic theory of reflection. Eventually, the model
parameters of interest can be determined by solving the
corresponding inverse problem. The principle of computational
metrology is illustrated in Fig. 8, with two key techniques
involved, namely the forward modeling and the inverse
problem solving.

Theoretical
spectrum

Fitting

Figure 8.

Principle of computational metrology.

Because the computational metrology is not operated in an
imaging mode, an appropriate model based on classical
electromagnetic theory which properly accounts for the
physical essence of the scattering process is indispensable to
determine the feature of the measured target. In particular,
when the computational metrology is used to characterize the
optical and structural properties of the interfacial region, a
stratified-medium model (SMM) such as the two-phase model
and the three-phase model that contains the appropriate
parameters of the sample is required. More complexity can be
built into the basic SMMs to represent such finer details as the
interfacial roughness and phase mixing, a damage surface layer
caused by polishing, or the possible presence of an outermost
contamination film [23]. As for samples with periodic
properties, the rigorous coupled wave analysis (RCWA) is
always the best choice for the optical modeling [24, 25]. The
effective medium theory (EMT) is used to calculate the
dielectric functions of mixed phase based on their
microstructure and components fractions, and sometimes EMT
may be employed to simplify the modeling [26, 27]. Based on
the established models, different optical responses can be
obtained by choosing an appropriate measurement
configuration such as the angle of incidence 6, the incident
wavelength 1, and the azimuthal angle ¢ of the sample.
Without losing generality, the optical response or the output
parameters in computational metrology can be characterized by

the forward model 7{-} with a formulation as:
¥(2.0.9)=T{5:2.0.9}. (10)

Here, s denotes the structural and optical parameters of the
sample such as CD, height, side wall angle (SWA), pitch, and
refractive index; y is the output parameters of the model. For
the reflectrometry, y denotes the scalar of reflectance:

rrtrr
R=-L2 55 (11)
2
and in the case of SE, y denotes the ratio p of the complex
reflection coefficients for the p and s polarizations r,, 7

r
p =tany exp(id) =L (12)
rS‘

Apart from the forward modeling requirement, some
inverse problem solving techniques, typically the library search
method and the nonlinear regression method are employed for
the reconstruction of the structural parameters of the sample in
the computational metrology. In the library search method, the
library is produced in advance by evaluating the forward model
on a grid which covers the expected range of variation in the
parameters [28]. At run time, the measured signature is
compared to each signature in the library and the measurement
output is the set of parameters used to generate the signature
with the best fit to the measurement. However, the library
method needs huge resource cost in computation and storage
space, as the evaluation grid needs to be dense enough to
produce measurement output with enough resolution. The
nonlinear regression methods such as local optimization
algorithms are widely used for grating metrology and design
[29, 30]. The iteration process with the local optimization
algorithm can be finished in several iterations, but it heavily
depends on the initialization. It is well understood that the
optimization is non-convex, and the iterative methods can
easily lead to a local rather than global solution. Therefore,
different optimization algorithms can be combined to promote
their advantages.

In each of the inverse problem solving techniques, the
values of the model parameters are sought so that the outputs
of the model are best matched the measured ones. We describe
this inverse problem in computational metrology with a
formulation similar to that in the computational lithography:

§=arg rsrligld[y*(/i,e,gb),T{s;/l,é?,qﬁ}], (13)

where d denotes the distance between the measured output y'(6),
4, ) and the modeled output y(6, A, 9)=T{s; 6, A, ¢}. Therefore,
the computational metrology mainly involves the integration of
the following three tasks: (1) measurement of the optical
response under a certain optical configuration, (2) calculation
of the theoretical optical response using an appropriate
electromagnetic model; and (3) solving the inverse problem to
determine model parameters that best match the measured and
calculated optical responses.

Here we take the model-based infrared reflectrometry
(MBIR) as an instance to illustrate the above two key
techniques [31, 32]. The MBIR, which can be considered to be
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a particular form of scatterometry, is an attractive optical
metrology that has been introduced recently for measuring high
aspect-ratio periodic trench structures. We have successfully
applied the MBIR technique in measuring a bottle trench
structure, which is etched on the silicon substrate and filled
with polysilicon as electrodes. This bottle trench structure is a
typical design in advanced dynamic random access memory
(DRAM) capacitors characterized by four geometric
parameters: width of neck layer d), depth of neck layer /4,
width of bottle layer ¢, and depth of bottle layer %,, as shown
in Fig. 9. We modeled the structure as a two-layer stack and
calculated the effective refractive index of each effective layer
with a corrected effective medium approximation (EMA)
method [31].

Silieon
Substrate

Figure 9. SEM micrograph of the bottle trench structure and its effective
optical model.

An experimental platform has been set up to measure the
reflectance spectral signals. The smooth part of the measured
spectrum is utilized and the artificial neutral network (ANN)
and Levenberg-Marquardt (LM) algorithm are combined to
extract parameters of the bottle trench structure, as shown in
Fig. 10. Firstly, an ANN of multilayer perceptron (MLP) type
is constructed. Then the ANN is trained by the back-
propagation learning algorithm, which is classified as a
supervised learning algorithm. Finally, the raw data of the
measured reflectance spectrum R, is processed by the trained
ANN, which provides an output of the geometric parameter
vector P with a few percentage of error. This output of ANN is
then set as the initial estimate of the LM algorithm, which
performs only a few iterations and further refines to an accurate
final solution. Figure 11 depicts the fitted reflectance spectrum
calculated from the extracted parameters compared to the
measured reflectance spectrum [32].
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Figure 10. Flowchart of parameter extraction using the ANN and LM
combined method.
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Figure 11. Measurement result of a bottle trench structure by the model-based
infrared reflectrometry.

Although the conventional SE has been widely used in the
real-time characterization of depths of thin films as well as in
the in-situ measurement of CD, SWA and overlay of
nanostructures, it can only obtain two parameters, i.e., the
amplitude ratio tany and the phase shift difference 4, during
each measurement. In contrast, the Mueller matrix polarimetry
(MMP) can obtain up to 16 parameters of the 4x4 Mueller
matrix during each measurement [8, 33]. Consequently, the
MMP can obtain much more useful information about the
sample than the conventional SE, and thus has potential
capability for the future line edge roughness (LER) and line
width roughness (LWR) metrology in nanomanufacturing. As
shown in Fig. 12, we present an example of sensitivity analysis
of the MMP for nanostructure metrology.
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Figure 12. Calculated optical responses of Mueller matrix polarimetry for a
two-dimensional nanostructure with square holes in 300nm thick photoresist.
The periods in both directions are 100nm and the top CD of the holes is set to
be 45nm, 50nm, and 55nm, respectively.

IV. CONCLUSIONS

In summary, both of the computational lithography and
computational metrology involve two key techniques, namely
the forward optical modeling and the inverse problem solving.
As these two techniques both require intensive calculations, the
success of computational lithography and computational
metrology relies heavily on the accurate and fast forward
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modeling methods as well as the robust and fast inverse
optimization algorithms, both of which still remain as a
challenge. By providing several initial examples carried out in
our research group, we believe and expect that both of the
computational lithography and computational metrology will
play a significant role in the future nanomanufacturing.
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