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57 ABSTRACT

There is provided a nondestructive analysis for a periodic
structure. In the method, a virtual periodic structure is set and
divided into a plurality of layers. By utilizing the Lippmann-
Schwinger equation with an M-th order interpolation, physi-
cal properties related to reflectivity or transmittance of the
virtual periodic structure are calculated. An M-th order inter-
polation formula employed in discretization of the Lipp-
mann-Schwinger equation leads to an accurate and rapid
calculation of the physical properties of the periodic struc-
ture.
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NONDESTRUCTIVE ANALYSIS FOR
PERIODIC STRUCTURE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority and the benefit of
Korean Patent Applications No. 10-2009-0070308 filed on
Jul. 30, 2009 and No. 10-2010-0009753 filed on Feb. 2, 2010
in the Korean Intellectual Property Office, the entire contents
of which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Technical Field

[0003] The present invention described herein relates to an
analysis method for a periodic structure, the method exem-
plarily performed through non-destructive testing via mea-
surement of reflectance or transmittance.

[0004] 2. Discussion of Related Art

[0005] Generally, to fabricate electronic devices such as
semiconductor devices or display devices, processes of clean-
ing, thin-film growing, photolithography, and thin-film etch-
ing are repeated many times to produce consumer products.
For example, in the photolithography process, a circuit of a
mask where an image to be fabricated is formed and is trans-
ferred to a photosensitive material (photoresist) to form a
pattern, and the pattern is used as an etch barrier to form a
desired circuit on a thin film.

[0006] In semiconductor and display devices fabricated by
using the photolithography process, desired circuits need to
be transferred to the thin film in an accurate shape in each
step. This is possible based on the accuracy of the photoli-
thography process. That is, only when the shape of a desired
pattern is accurately transferred to a photoresist and the resist
layer properly functions as the etch barrier can an accurate
circuit be formed on the thin film. That is, the accurate pattern
is to be formed by the photoresist before the circuit is formed
on the thin film, and this can be confirmed by a testing pro-
cess.

[0007] To test a pattern, a method of optically observing a
shape of a semiconductor device using a pattern tester, for
example, has been generally used. However, since the reso-
Iution of the pattern tester can be insufficient for determining
the shapes of “nano-level” patterns that measure only a few
nanometers in length, it is difficult to perform an accurate
analysis using a pattern tester. To solve such a drawback, in a
semiconductor research and production line, a method of
analyzing a specific shape using equipment such as an elec-
tron microscope has been used.

[0008] However, when an electron microscope is used,
since a section of a semiconductor device is cut for shape
analysis thereof, the fabricated semiconductor device cannot
be used again. Moreover, since the measurement is conducted
under a vacuum environment, it can take an excessively long
time to obtain a result of the measurement. It may also be
impossible to select various regions of a sample to be mea-
sured. Due to the aforementioned drawbacks, the electron
microscope has a limit in its practical use in the production
line.

[0009] To address the aforementioned drawbacks, technol-
ogy using an optical measurement method has been devel-
oped and includes, for example, an approximation technique
called the Effective Medium Approximation (EMA). A cal-
culation method using EMA has a problem in that, since an
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approximation is obtained by only a volume ratio of constitu-
ent substances in a given period, regardless of a detailed shape
of a structure, it never distinguishes a detailed shape of the
structure. That is, since the shape of each pattern of a circuit
with a periodic structure is not specifically distinguished and
only the volume ratio of constituent substances in a given
period is distinguished, the difference between the real struc-
ture and the measured structure is significant. Specifically, in
the periodic structure, since the calculation method using the
EMA cannot clarify the different periodic structures if their
volume ratios are the same, a new optical measurement
method is particularly needed.

SUMMARY

[0010] Therefore, in an embodiment of the present inven-
tion, a nondestructive testing method is provided that is
capable of analyzing a specific shape of a periodic structure
and its internal components.

[0011] Ina particular embodiment of the present invention,
a nondestructive analysis for a periodic structure is provided
that includes a step of (a) illuminating a real periodic structure
and measuring at least one physical property related to reflec-
tivity or transmittance of the real periodic structure in
response to the illumination; (b) calculating at least one
physical property related to at least one of reflectivity or
transmittance of a virtual periodic structure in response to the
illumination, by setting the virtual periodic structure having a
repeated shape, one-dimensionally, two-dimensionally or
three-dimensionally and at least a horizontally repeating
period, by dividing the virtual periodic structure into verti-
cally stacked N layers, by defining a zero-th order structure
and a perturbed structure from the virtual periodic structure,
said perturbed structure being obtained by geometrically or
physically changing the zero-th order periodic structure in a
perturbation region, by calculating the zero-th order reflected
ortransmitted wave when light is incident on the zero-th order
structure, by discretizing the Lippmann-Schwinger equation
using M-th order interpolation (2=M=N) with at least one
divided layer of the virtual periodic structure, by calculating
the perturbed reflected or transmitted wave from the dis-
cretized Lippmann-Schwinger equation, and by calculating
the perturbed reflectivity or transmittance from the zero-th
order reflected or transmitted wave and the perturbed
reflected or transmitted wave; (c) comparing the at least one
physical property related to the reflectivity or the transmit-
tance being measured in the step (a) with the corresponding at
least one physical property related to the at least one of
reflectivity or transmittance being calculated in the step (b).

[0012] In accordance with one embodiment of the present
invention, the step (b) further comprises steps of: partitioning
the N layers of the virtual periodic structure into X sections
(1=X=(N-1)), and discretizing the Lippmann-Schwinger
equation using Mi-th order interpolation (1=Mi=N) with the
partitioned sections.

[0013] In accordance with one embodiment of the present
invention, at least one of the partitioned sections has different
number of layer from other sections.

[0014] The reflectivity or transmittance can be that of other
detectable diffraction orders as well as the principal order
(zero-th order),

[0015] The surface of virtual periodic structure may have a
substance outside the layer, said the substance being a gas-
eous, liquid, or solid phase,
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[0016] The virtual periodic structure can be allowed to have
at least one surface layer, and the surface layer includes at
least one of a layer selected from the group consisting of an
oxide layer, a coating layer, or a surface roughness layer.
[0017] The physical properties may be related to amplitude
or phase of a reflected wave or a transmitted wave of an
incident wave.

[0018] In accordance with one embodiment of the present
invention, the step (b) further comprises steps of: expanding
perturbation potential in each divided layer in a Fourier
series;

[0019] and applying the M-th order interpolation formula
for the perturbed wave to the reflected or transmitted wave in
each divided layer separately according to the layer index.
[0020] The virtual periodic structure can be divided into N
layers with at least two different heights.

[0021] Accordingly, in accordance with a particular
embodiment of the present invention, by discretizing the
Lippmann-Schwinger equation using M-th order interpola-
tion, an accurate calculation of the physical properties related
to the reflectance or transmittance of the virtual periodic
structure can be performed more rapidly. Furthermore,
microscopic change relative to an original periodic structure
having a native oxide layer thereon or an intentionally formed
surface coating layer thereon can be precisely tested. The
development of the semiconductor industry or other nano-
technology can benefit from such embodiment of the inven-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] Features and advantages of embodiments of the
present invention will be apparent in accordance with the
detailed description of preferred embodiments thereof with
reference to the attached drawings, in which:

[0023] FIG. 1 is a flowchart schematically illustrating a
testing method according to an embodiment of the present
invention;

[0024] FIGS. 2 and 3 are block diagrams schematically
illustrating testing devices of a periodic structure;

[0025] FIG. 4 is a perspective view illustrating an example
of a virtual periodic structure;

[0026] FIG. 5 is a sectional view of the virtual periodic
structure of FIG. 4 being divided into a plurality of layers;
[0027] FIG. 6 is a perspective view illustrating another
example of a virtual periodic structure;

[0028] FIG. 7 is a sectional view of the virtual periodic
structure of FIG. 6 being divided into a plurality of layers;
[0029] FIG. 8 is a sectional view of the geometrical forma-
tion of an exemplary virtual periodic structure according to an
embodiment of the present invention; and

[0030] FIGS. 9 to 14 are graphs illustrating results from
principal order reflectance of a virtual periodic structure cal-
culated by the RCWA method, the Green function method
with first order interpolation, and a method according to an
embodiment of the present invention, i.e., the Green function
method with second order interpolation.

DETAILED DESCRIPTION

[0031] Particular embodiments of the present invention
will be described more fully hereinafter with reference to the
accompanying drawings. However, the embodiments of the
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present invention can be achieved with various modifications,
and are not limited to the exemplary embodiments described
herein.

[0032] First, through FIGS. 1 to 3, an overall procedure of
testing a periodic structure in accordance with an embodi-
ment of the present invention is illustrated.

[0033] FIG. 1 is a flowchart schematically illustrating a
testing method according to an embodiment of the present
invention, and FIGS. 2 and 3 are block diagrams schemati-
cally illustrating testing devices for a periodic structure.
[0034] In accordance with a particular embodiment of the
present invention, a nondestructive testing method includes a
step of measuring optical properties by illuminating a real
periodic structure (S10), a step of setting a virtual periodic
structure (S20), and a step of calculating physical properties
of' the virtual periodic structure (S30), and a step of compar-
ing the measured physical properties and the calculated
physical properties (S40). Each step is described in more
detail as follows.

Measurement of Periodic Structure

[0035] First, optical properties are extracted from the mea-
sured reflectance or transmittance by illuminating a real peri-
odic structure to be tested (S10). The reflectance (R) is mea-
sured when a reflecting feature of the periodic structure is
dominant, and the transmittance (T) is measured when a
transmitting feature is dominant. Step S10 can be performed
by use of testing devices as illustrated in FIG. 2 or FIG. 3.
[0036] Referring to FIG. 2, the testing devices include a
light source (100), a detector (110), a processor (120), and a
substrate (130). When a periodic structure as a test object is
positioned on a substrate (130), the light source (100) emits
light having a specific wavelength or various wavelengths to
the periodic structure (200).

[0037] The light incident on the periodic structure 200 is
partially transmitted and partially reflected. The reflected
light is detected in the detector 110, and the reflectance of a
reflected wave measured in the detector 110 is calculated in
the processor 120. The transmitted light is also detected in the
detector 110, and the transmittance of a transmitted wave
measured in the detector 110 is calculated in the processor
120.

[0038] The testing device may further comprise a polarizer
140 as illustrated in FIG. 3. In this case, the light generated
from the light source 100 is polarized as the light of a TE
mode or TM mode through the polarizer 140, to be incident on
the periodic structure 200. When the light is incident on the
periodic structure 200, the incident light is divided into the
reflected light and the transmitted light. In an embodiment of
the present invention, reflectance or transmittance in the most
basic two polarization states in the reflection or transmission
of the light, that is, the TE mode and the TM mode, are
calculated to perform the nondestructive test of the periodic
structure.

[0039] For example, the physical properties related to the
reflectance or transmittance which is measured by allowing
the light to be incident on the periodic structure may be
understood as the combination of the physical properties,
which are related to an amplitude or phase of a reflected wave
and a transmitted wave to an incident wave of a TE mode
electric field, and the physical properties, which are related to
an amplitude or phase of a reflected wave and a transmitted
wave to an incident wave of a TM mode magnetic field. As
described above, step S10 can be performed simply by irra-
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diating light on a test object and measuring reflectance or
transmittance in the manufacturing process of semiconductor
devices. As a consequence, non-destructive measurement of a
semiconductor device can be readily performed without
changing manufacturing environments.

[0040] A virtual object that gives rise to the same calculated
reflectance or transmittance as the measured reflectance or
transmittance should be established, as the structure of this
virtual object will be identified with the periodic structure
(200) upon which the optical measurement was performed in
step S10. The reflectance or transmittance of the virtual peri-
odic structure is calculated in steps S20 and S30.

[0041] To calculate the W and A for a virtual periodic struc-
ture, a virtual periodic structure is to be conjectured first in
step S20. In general, there is a desired structure when a
semiconductor device is manufactured, and a virtual periodic
structure is conjectured based on the desired structure.

Virtual Periodic Structure

[0042] FIGS. 4 to 8 illustrate examples of virtual periodic
structures.
[0043] FIG. 4 is a perspective view illustrating an example

of'a virtual periodic structure, FIG. 5 is a sectional view of the
virtual periodic structure of FIG. 4 being divided into a plu-
rality of layers (N layers), FIG. 6 is a perspective view illus-
trating another example of a virtual periodic structure, and
FIG. 7 is a sectional view of the virtual periodic structure of
FIG. 6 being divided into a plurality of layers.

[0044] FIGS. 4 and 5, and FIGS. 6 and 7, illustrate
examples of virtual periodic structures. Calculations in step
S30 can be performed by (i) dividing the zero-th structure
(FIGS.4 and 5, and FIGS. 6 and 7, are understood to represent
the zero-th structure in this case) (200a or 2005) into a plu-
rality of thin layers, (ii) obtaining the functional forms of the
projected-space zero-th order reflected or transmitted wave in
each layer with two kinds of integration constants, and (iii)
fixing the integration constants by the matching conditions at
boundary surfaces of the divided layers.

[0045] Differently from FIGS. 4 and 5, FIGS. 6 and 7
illustrate an assumed surface layer (210), such as an oxide
layer and the like, on the surface of the virtual periodic struc-
ture (2005). Because in general, even if a manufacturing
process of semiconductors is performed in vacuum a thin
surface layer is quickly formed, it can be more desirable to
carry out step S30 by taking into account a surface layer (210)
as in FIGS. 6 and 7 rather than as in FIGS. 4 and 5.

[0046] In a case where the virtual periodic structure (200a)
is a semiconductor device having a shape of, for example,
one-dimensional, two-dimensional, or three-dimensional
periodic formation, the virtual periodic structure (2004a) has a
formation in which two substances or substance parts (refrac-
tive indices from n, to n;) formed of a substance, such as
silicon and the like, in each layer, and substance parts (refrac-
tive indices from fi, to f1,) of an incident part, such as an air
layer and the like, are horizontally periodic.

[0047] However, in the real environment of the semicon-
ductor process and the like, since it is impossible to fabricate
the periodic structure in a perfect vacuum state, an oxide layer
is formed on the surface of the real periodic structure by
contact with air or water. Further, in the processing steps,
since an intentional coating layer is formed on the surface of
the periodic structure or a roughness layer is present on the
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surface of the periodic structure, the periodic structure of FIG.
4 has a limit in how closely it matches the real geometrical
shape thereof.

[0048] FIGS. 6 and 7 illustrate a surface layer (210), such as
an oxide layer and the like, on the surface of the virtual
periodic structure (20056). When a section of the virtual peri-
odic structure (2005) is divided into a plurality of layers, the
virtual periodic structure (2005) has the formation in which at
least three substances are periodically repeated, as illustrated
in FIG. 7. The virtual periodic structure 2005 includes aridge
region formed at both sides of a third substance correspond-
ing to a groove region. This ridge region is formed of a first
substance forming a center part, and a second substance
including the surface layer formed on the outer surface of the
center part.

[0049] InFIG.7,n,(1=2,...,0),#,(1=2,...,L-1),and
n,l=1, ..., L) respectively represent the refractive index of
the ridge region (the first substance), the groove region (the
third substance), and the surface layer region (the second
substance).

[0050] The surface layer region (the second substance) may
be the oxide layer or the coating layer, or it may be the
roughness layer of the periodic structure surface as the case
may be. A third substance occupying the groove region may
be in gaseous, liquid, or solid state, or a combination thereof.
[0051] For example, when the virtual periodic structure
(2005) is a semiconductor device, a plurality of layers (1 to L)
excluding the highest layer (layer 1) can be formed of the first
substance being a semiconductor such as silicon and the like,
and the highest layer (layer 1) being a second substance such
as an oxide layer or a coating layer. A third substance being an
air layer or other gas, liquid, or solid state substance can be
disposed in grooves between the layers 1 to L. The layers 1 to
L and the third substance can be horizontally and periodically
repeated within the periodic structure.

[0052] When the virtual periodic structure (2005) is set by
taking into account the surface layer (210) such as the oxide
layer, coating layer, or roughness layer of the surface, the
reflectance or transmittance of the virtual periodic structure is
calculated to more closely approximate those of the real peri-
odic structure. Consequently, the shape and components of
the real periodic structure can be accurately measured. Spe-
cifically, itis possible to compare and analyze the geometrical
shape and the internal components of the periodic structure,
including the thicknesses of thin film structures present
within the periodic structure.

[0053] From the thus-determined virtual periodic structure,
the reflectance or transmittance is obtained by means of cal-
culation (S30). A method for calculation of the reflectance or
transmittance will be described later.

[0054] In the next step (S40), the reflectance or transmit-
tance calculated in step S30 is compared with the reflectance
or transmittance measured in step S10. The actually-mea-
sured reflectance or transmittance of a periodic structure or
related physical quantities is compared with the calculated
reflectance or transmittance of the virtual periodic structure
or related physical quantities. When these values are the same
within a prescribed error range, the structure of the real peri-
odic structure, as determined from measurements of reflec-
tance or transmittance, can be determined as being identical
with that of the virtual periodic structure. When comparing
the measured reflectance or transmittance with the calculated
reflectance or transmittance, an additional device such as a
computer, for example, may be used for comparing the mea-
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sured value with the calculated value. By this method, geom-
etry, e.g., shape and dimensional aspects of the real structure
(200) can be precisely and efficiently determined.

[0055] Moreover, the reflected or transmitted wave by a
periodic structure has several diffraction orders including the
principal order (zero-th order). Usually, the principal order
wave is considered, but other orders (1,2, ...,and -1, -2, ..
. ) should also be considered in a case where the profile of a
periodic structure is asymmetric. A particular embodiment of
the present invention can be equally applied to reflected or
transmitted light of an order other than the principal one.
[0056] In the comparison, if both the calculated and mea-
sured quantities are the same within a prescribed error range,
a testing process is finished since the real periodic structure
(200) measured in step S10 is identical with the virtual peri-
odic structure in step S20. On the contrary, if they are not the
same, a new reflectance or transmittance is obtained by
repeating steps S20 and S30 with the changed optical and
geometrical parameters of a virtual periodic structure.

Calculation of Zero-th Order Waves

[0057] Following the procedure described above, the pro-
cess of analyzing a periodic structure utilizing the Green
function method is performed.

[0058] Calculations that should be carried outin step S30 to
obtain the calculated reflectance or transmittance are
described below.

[0059] In an embodiment of the present invention, to cal-
culate the physical properties of the virtual periodic structure,
a shape of another virtual periodic structure with the same
period, which will be called a zero-th order structure, is set.
Then, the original virtual structure is built by adding a geo-
metrical or physical change, which defines a perturbation
potential, to the zero-th order structure in a perturbation
domain.

[0060] The zero-th order reflected or transmitted wave is
calculated first by a rigorous coupled-wave analysis (RCWA)
method, then the Lippmann-Schwinger equation is dis-
cretized by use of an M-th order interpolation formula
(2=M=N:N is the number of divided layers) for the electric
or magnetic field being approximated to a quadratic function
with unknown coefficients in each divided layer. By integrat-
ing out a series of integrals arising from the discretization, a
system of linear equations is produced. From the solutions to
this system of linear equations, i.e., the perturbed reflected or
transmitted wave, and the zero-th order reflectance or trans-
mittance, the perturbed reflectance or transmittance is
extracted. Once the perturbed reflectance or transmittance is
obtained, a calculated to reflectance or transmittance of the
perturbed structure can be eventually calculated. In this pro-
cedure, although a small number of divided layers reduces the
computation time, at the same time it reduces the accuracy of
the result. Therefore, in order to prevent a reduction of the
accuracy for a small number of divided layers, M-th order
interpolation can be employed. The M-th order interpolation
can be differently applied for each layer or each region (a
bundle of layers) divided from the virtual periodic structure.
For example, second order interpolation is applied for region
(or layer) A, fourth order interpolation is applied for region
(or layer) B, and first order interpolation is applied for region
(or layer) C. The M-th order interpolation may be varied for
each layer or each region according to the shape of virtual
periodic structure. As the order of interpolation becomes
higher, the accuracy of calculation can be increased by second
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order at the most. Resultantly, the analysis of the present
invention guarantees the accuracy of calculation as well as the
reduced computation time for a small number of divided
layers.

[0061] The N layers divided from the virtual periodic struc-
ture can be further partitioned into X sections (1=X=(N-1)).
In this case, the Lippmann-Schwinger equation is discretized
by using Mi-th order interpolation (1=Mi=N:N is the num-
ber of divided layers) for the partitioned sections. For
example, the N layers may be partitioned into N/2 sections (as
a result, the virtual periodic structure is substantially divided
into N/2 pair of layers), and then second order interpolation is
applied for each section (or each pair). Also, the N layers may
be partitioned into N/4 sections, and then fourth order inter-
polation is used for each section. The N layers can be parti-
tioned into X sections in such a way that each section has
different size. That is, at least one of the partitioned sections
may have different number of layer from other sections. In
this case, the Mi-th order interpolation can be differently
applied for the each section having different number oflayers.
[0062] As described above, the zero-th order reflectance or
transmittance can be calculated by the RCWA method. For
this purpose, as illustrated in FIGS. 4 to 7, the zero-th order
structure (FIGS. 4 to 7 are understood to represent the zero-th
structure in this case) (2004 or 2005) is divided into a plurality
of layers (1 to L) in the thin rectangular sectional shape.
Subsequently, the zero-th order dielectric function in each
layer is expanded in Fourier series. When light is incident on
the zero-th order structure (200a or 2005), the reflected or
transmitted wave in each layer is also expanded in Fourier-
Floquet series with coefficients, which define a projected-
space zero-th wave function (of z) to be determined by match-
ing conditions for electromagnetic waves at the boundary
surfaces.

[0063] From the aforementioned projected-space zero-th
order wave function, the reflectance or the transmittance for a
TE mode electric field (R, and T! ) and those fora TM
mode magnetic field (R™,,,and TI®1, ) of the zero-th order
structure are calculated, and are used in the calculation of the
corresponding perturbed values.

[0064] More precise solutions can be obtained by increas-
ing the number of layers divided from the virtual periodic
structure (200a or 2005) and correspondingly increasing the
number of terms of the Fourier series expansion. With the
virtual periodic structure (2006) in FIGS. 6 and 7, the method
for calculating the perturbed reflectance or transmittance will
be described below.

[0065] The Green function of the zero-th order structure in
the perturbation domain can be obtained by applying the
method for calculating the zero-th order reflectance or trans-
mittance. The perturbed reflectance or the transmittance for
the TE mode electric field (R ;z and T ;) and those for the TM
mode magnetic field (R, ,and T ,, ) can be extracted once the
projected-space wave of the TE mode electric field or the TM
mode magnetic field in each layer of the virtual structure is
calculated by the Lippmann-Schwinger equation.

[0066] In accordance with an embodiment of the present
invention, the zero-th structure between an incident medium
(region I) and a substrate (region II) is divided into L layers,
including some or all layers being formed of a uniform sub-
stance. There are various possibilities for setting the zero-th
structure, among which the following are mentioned: a case
where each layer in all layers of the whole perturbation zone
is formed of a uniform substance, a case where all layers of
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the perturbation zone are formed of a single uniform sub-
stance, a case where the perturbation zone is placed as the air
layer on the substrate, and a case where each layer is not
formed of a uniform substance but all layers are formed of one
given layer being repeated.

Embodiment

[0067] Among the intermediate steps for calculating the
reflectance or transmittance of the virtual periodic structure
(2005) illustrated in FIGS. 6 and 7, two steps, one for dis-
cretizing the Lippmann-Schwinger equation by use of the
second-order interpolation and the other for creating a system
of linear equations for the discretized projected-space per-
turbed waves, will be described below.

[0068] Below, the calculation will be carried out separately
for TE and TM modes. The TE mode case is considered first.
[0069] Due to the periodicity of any periodic structure in
the x direction, the x-dependence of the TE mode components
are completely determined in Fourier-Floquet series:

e ) Eq. (1)
Ey(x,2)= Z ¥, (e,

., &0 1 = it
Hx, =i | — — 8,¥, (e,
s \ Ho kon;:oo 2 4@

where i:\/——l; k,,,=ko[n; sin 0-nA/A]; k,=2m/A, (with A,
being the wavelength of an incident wave in vacuum, n, being
the refractive index of an incident region, and 6 being the
incident angle); €, is the permittivity of the vacuum; and p, is
the permeability of the vacuum.

[0070] The dielectric function of any periodic structure
with a one-dimensional period being equal to A in the x
direction can be expanded in Fourier series:

Eq. (2)

S _ Eq. (3)
s )= ) s@e™ ’

h=—oc0

Due to Maxwell’s equation, the column vector ¥(z) (the
projected-space wave vector) whose components are the
expansion coefficients W,(z) in Eq. (1) satisfy the following
equation: Eq.

£, 2 Eq. 4
iz +hoE(z) - K= |¥(2) = 0,

where K is a diagonal matrix with the (n,n) element being
equal to k,/k, and E(z) is the Toeplitz matrix formed by the
permittivity harmonic components, with the (n,p) element
being equal to E, (z)=¢,,_,(7).

[0071] Below, the Fourier-Floquet space index is truncated
so that it runs from —N to N. When the periodic structure is set
as perturbed structure in which a geometrical or physical
change, perturbation potential, is added to zero-th order struc-
ture, perturbed dielectric function Ae(x,z) is defined as Ae(x,
z)—e(x,z)-€(x,z): €!’(x,z) is dielectric function of the zero-
th order structure.
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[0072] Column vectors W,'°)(z) and W,(z) whose compo-
nents are the expansion coefficient functions (of z) of the
zero-th order Ey[o](x,z) and of the perturbed E, (x,z) respec-
tively, satisfy the following Lippmann-Schwinger equation:

Eq. (5)

where V(z) is the perturbation potential given by V(z)=k,*[E
(2)-E®(2)] with E(z) and E!°)(z) being the Toeplitz matrices
for the virtual periodic structure and the zero-th order struc-
ture, respectively. In Eq. (5), since V(z)=0 outside the pertur-
bation domain, the integration region is restricted within the
perturbation domain.

[0073] Inorderto solve the Lippmann-Schwinger equation
numerically, the ¥,[°)(z) and G(z,7") are calculated first by the
RCWA method.

[0074] Below, the general method for calculating W,1°)(z)
and G(z,z") is described. For a detailed calculation by the
RCWA method, refer to Korea Patent No. 10-0892485 and
No. 10-0892486.

[0075] We approximate the periodic structure, which
includes an oxide layer, a coating layer, or a surface layer, to
astack of'parallel rectangular layers with a common period A.
In the aforementioned division of the periodic structure into
layers, some or all the layers may be formed of a uniform
substance. By the aforementioned division of the periodic
structure into layers, the z dependency of the dielectric func-
tion e(x,z) is shifted to the index 1 indicating the layer. Then,
the dielectric function ofthe given layer/is a function of z only
and can be expanded in Fourier series since it is still a periodic
function in x with a period A. The Toeplitz matrix B,/ con-
structed from the expansion coefficients is of size (2N+1)x
(2N+1). Each column vector W,[”)(z) of size (2N+1), being
constructed from the Fourier-Floquet expansion coefficient
functions of the electric field in each layer, satisfies a har-
monic-oscillator-type matrix differential equation. There-
fore, solving this equation (numerically) amounts to solving
the eigenvalue square matrix Q> and eigenvector square
matrix S, (numerically). The application of boundary condi-
tions for T,[°l(z) and its derivative gives rise to a recurrence
relation for two kinds of integration constant matrices. From
the special conditions in which there is no incident light from
region II (I=L.+1) and the incident light from region I (1=0) is
known, the projected-space zero-th order wave W,[°)(z) is
completely obtained numerically.

[0076] The calculation of G(z,7') can be carried out basi-
cally using the RCWA method and can be expressed in terms
of the same eigenvalue square matrix Q,* and eigenvector
square matrix S, obtained already for the case of ¥,!°)(z), and
two kinds of constant square matrices f,,*(z') and g,,*(2) as
follows:

W(2)=Wo(2) H G,z )V (W ()dz',

Gz, 7) = Ea. ©)

Si[e 201 5 (77) + 2153V gpy (7)) (<)
U=l,z<z7)
U=lz>z7)

(U=>"0).

[
Sile T fip () + 2T gy ()
Sile @m0 () + 20U g (2)
Sile L) fib () + Qg ()

]
]
]
]

[0077] Differently from the calculation of W,°)(z), the
source of the Green function is the zero-th order structure
itself. Furthermore, in this instance, there is no incident wave
from region 1. Thus an additional boundary condition for
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G(z,7') is necessary, which is provided from the discontinuity
of the derivative of G(z,z') due to the delta function term. By
applying all the boundary conditions, the two constant (in z)
square matrices f;,*(z') and g;,*(2) are fixed as follows: Eq.

@)

fo @) =Ty ... Tififp (@), Eq ()
g @)=ty o B @) Eq. (8)
where
o2 @ -a-1) 4 Eq. (9)
1
£ @)= 5 Ry W-ap 05's?,
Fpup )
e Q-1

Rl/EQl/(ZLZl*I)+ o Eq. (10)
N oy
Srr @)= Fuy 0y Oy Sy

R, and r, are defined as the square matrices connecting f,,*(z")
and g;,*(z") and f,,7(z) and g;,~(2'): also v, is defined as u,=

—
I-Rpr 7"

g ()= Rfy*(2) Eq. (11)

S @) =g (@) Eq. (12)

Below, the method of discretizing the Lippmann-Schwinger
equation by use of the WI°(z) and G(z,2') thus obtained is
described.

[0078] Discretization of Lippmann-Schwinger Equation
with the Second-Order Interpolation

[0079] Two quantities, ¥°)(z) and G(z,z"), which are
defined by the physical properties and geometrical formation
of the zero-th order structure and the information of the inci-
dent wave, and the perturbation potential V(z), serve as input
functions. By solving the discretized Lippmann-Schwinger
equation, an unknown quantity ¥(z) depending on the physi-
cal properties and geometrical formation of the perturbed
structure and on the information of the same incident wave is
obtained.

[0080] Itis assumed thatthe perturbation potential V(z') has
a constant value V; inside layer j. By setting z—z,, for z
located inside the layer 1(1=1, . . ., L) and z—z, , for zlocated
inside the layer L and by using Eqgs. (7) and (8), we transform
Eq. (5) as follows:

Pz ) - ¥g ) = Eq. (13)

i—1
Ty
(1+R) TH...ij dz [V +
z i .
J=1

-1

Sy

2
(F + 1)f dz g, A WVi¥ (@) +
%41

L
P i yo— s ’
F+1) E t,...tj,lf dz'g (2 )WV¥()
Zj-1

=
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-continued
B(z) -z, ) = Eq. (14)

e 2L 4 = _ _ zj
SL[ BQLdLRL ] Zl TL,1...ijZj71JZ fjj (z )qu‘(z )+
=
2L
f dz fip (@i
-1
[0081] Itis noted that, in Eq. (13), if =1,

generates no terms.

[0082] To enhance accuracy, we carry out analytic integra-
tions within each layer by using the second-order interpola-
tion given in Egs. (15) to (18): also, M-th order interpolation
can be applied.

¥(Z) =¥z) +¥ag)E —zp) + Eq. (15

1 , 2, L , 3
ﬁq‘B(Zj)(Z -z;) +ﬁ‘l‘c(2j)(z -+

[0083] In the present embodiment using the second-order
interpolation, ¥, and W can be expanded as follows.

dit Eq (16)
Y=o — P+
AT G
i1 —d; 4
Y(z,) + Yz
d;dj @) dji(d;+djp1) &et)
1 Eq. (17)
Yp =2 ———¥(z; ) —
5 (dj<dj+dj+1> @)
! ¥(z;) ! ¥( )]
zj) + Zj
didjey 77 dii(dj +djay) I

The 7' integrations in Eq. (13) can be carried out separately for
even-numbered layers and for odd-numbered layers as in Eq.
(16) and Eq. (17), where two layers are paired for the calcu-
lation. In the N-th order interpolation, it is considered that N
layers should be put in one section. Accordingly, paired layers
are considered as one unit in the second order interpolation,
and three layers in the third order interpolation, similarly. The
aforementioned forms (or equations) can be applied to N-th
order interpolation. Eq. (18) and Eq. (19) describe the general
integral form for each layer: II indicates even-numbered lay-
ers and I indicates odd-numbered layers.
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Zi Eq. (18
f 47 £ Vi) = e (18

4-1

GVib a0 + GV + GV

f LAY Vi) =

i—1
GV + G V) + GOV

a ) Eq. (19
f 42 g5 (W) = e (19
Z

-1
G Viba0 + GOV 0 + GOV )

Zj
f dz'g; @ WVi¥ (@) =
Z4-1

GV + GOV + GOV )
where

G (1 + FuR)e?? + Fu Eq. (20)
Wi

e uRe? +u

Gl
GlAI-) ] =

GlAIL
[G[A][ll]( )] -

(1 + FuR)e2 WA 4 pyyplAls } Eq. 2D

uRe24WIAIE) 4 Wil

(1 + FuR)e@ WIAKD) 4 A1) }
i

uRe2dWIAlE) 4 wlAle)

GBI
GIBING) ] =

(1 + FuR)e2 WIS 4 7y WiBI) Eq. 22
uRe24WBIC) L wiBlH)
i

GBI ]

(1 +ruR)e2 WIBI®) | pywiB1-) }
i

G- WRe2AWBI) 4 WiBIO)

[0084] The quantities W,, W 1= WF1=in Egs. (20) to (22)
are given as follows:

W, = %(1 — 2147257 Eq. (23)
W‘_[A]H) - %d‘-Q‘-’ZS‘T _ QFIW; Eq. (24)
Wi = orlw, - %de 0ic 27 Eq. (25)
W= %df orsl - or'w, Eq. 26)
Wi — ﬁd?Qi’zS‘T —grtwAe Eq. 27)

Eq. (29

1
B A —0id;
W[ 1) =0 W[ 1= _ !dize 0idi 92T

[0085] Using the integral formulas in Egs. (18), (19), ¥,
defined in Eq. (16), and ¥z in Eq. (19), Eq. (13) can be
expressed for1=0, . . ., -1, as

] -1 Eq. (29)
W) - ¥z = ) O Ve + 0 Vi) +
= =0
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-continued
I

"

oy’ J+2ﬂz<z1>+Z®,J ¥ + Z O V() +
=3 J=t+1

m
=3

J

Z@ Vi) + Z B VW) + Z 0V, 1%z

J=-1 =2

[0086] Although the index 1in Eq. (29) can be even or odd,
the concrete expressions of elj<=>, @Zj("), @Zj("), élj("), for even
1 and odd 1 are different. Moreover, all even columns of the
matrices 8 Zj(*) and 6 Zj(*) vanish. This is due to the properties of
second-order expansion.

[0087] The discretized Lippmann-Schwinger equation for
I=L, i.e., Eq. (14), is calculated as follows:

L Eq. (30)
Wze) - Wz) = ) OV () +
=1
L-1 L-2 ) L )
- . )
O Vit ¥z + Y 05 Vin¥z)+ y 0V %iz)
=0 =0 =

[0088] When the number of layers L is an odd integer, it is
first considered that one layer is added to the remaining (L-1)
even layers, which include (I.—1)/2 pairs. In this regards, an
integration formula to be applied for the one added layer may
be given depending on whether the added layer is considered
to lie above a given pair or below a given pair. In general, it is
possible that an M-th order interpolation is applied for each
layer divided or each section partitioned from the virtual
periodic structure.

[0089] Egs. (29) and (30) can be consolidated in one
expanded matrix form of a linear system of equations:

X=XU [GV+GT+GI+GVIX, Eq. (31)

where X and X™ are column vectors of dimension L+1 with
the layer components W(z,) and W°)(z,), respectively. Each of
the layer components W(z,) and W°I(z,) are still column vec-
tors of dimension (2N+1) with the coupled-wave compo-
nents. G, G, 6, G are square matrices with (L+1)* layer
components, each layer component being (2N+1)* square
matrices in coupled-wave space. The square matrices V, V, ¥,
V having (L+1)* layer components are essentially con-
structed from the perturbation potential V(z,) having compo-
nents (2N+1)? in coupled-wave space.

[0090] Egq. (31) can be generalized for N th order interpo-
lation as follows: in this case the number of matrix to be
calculated increased by 2N.

Eq. (32)
_xlol _

2N
Z GV |x
i=1

[0091] Thus far, the calculation of TE mode quantities was
considered; the calculation of TM mode quantities will be
described below.
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[0092] Due to the periodicity of the periodic structure in the
x direction, the TM mode solutions to Maxwell’s equation
can be written as

o _ Eq. 33)
Hy(x,2) = Z @, (2)en,
Eq. (34
Eno=—i |2 o Z Z f (28, D, (e,
[0093] Herein, e(n_n,)#(z) is an expansion coefficient when

the inverse of a dielectric function €(x,z) is expanded in Fou-
rier series:

1 _ N # —i2mhx/A Eg. 39
s = 2 e

[0094] From Maxwell’s equations, the column vector ®(z)
(the projected-space wave vector) whose components are the
expansion coefficients @, (z) in Eq. (33) satisfy the following
equation:

Eq. (36)

] +K3 - KE@ ' K|b() =

where P(z) is a square matrix with the (n,n) element being
equal to €, ,,*(z). Column vectors ®l(z) and d(z) whose
components are the expansion coefficient functions (of z) in
Eq. (38) for the zero-th order structure and the perturbed
structure, respectively, satisty the following Lippmann-
Schwinger equation:

G(z, 2KV (@ KD + Eq. (37)
4’(2)—¢[0](z)=—fdz’ 3Gz 7)., 90()
b4
a7 a7
where K is as defined in the TE mode,

¥(2)=E(z)"'=(E)Y(2), and V(2)=P(2)-PI(z). In Eq. (37),
Li’s factorization rule was used for a rapid convergence. The
column vector ®°1(z) and the Green function G(z,z") can be
calculated basically in a similar way as in the TE mode.

[0095] That is, by setting z—7, , for z located inside the
layer1(1=1,...,L)and z—7; for z located inside the layer L
and by use of Egs. (7) and (8), and assuming that the pertur-
bation potentials ¥(z') and V(z') have constant values ¥; and

V,, respectively, Eq. (37) is discretized for I=1, . . ., L-1 as
follows:
D) -9z = Eq. (38)

(HR»ZT“ f dz/ £ (2HKV KO +
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-continued

Z
(7 + l)f d7 g2 )KVKD(Z') +
-1
L
§ . Zj ~
(Fr+ 1) [l---[j—lf dz/g;j(z/)KVjKQ(Z/) +
21

=

a +R1)ZT1 1- f dz (fHEHV P (z) +

F+ ) f L2 (g Vi () +
1

(Fy + 1)ZH gy 1[ d7 (g VP (z))
zj-1

J=i+l

St

J

Meanwhile, for 1=L, Eq. (37) becomes

D(zr) - Dz = Eg. (39)
L-1
_{SL(eQLdL +e2LLRy) ZTL 1. f a7 fi(Z)K
- Zj-1
J=1 4

- 7L .
VjK<1>(Z’)f Az fii (@ )KVLKD() | +
A-1

Sp(e 2L 4+ 2L R, )

-1
ZTL N f ALYV () +
= KR
2L
f dz’(fﬁ)’(z’)Vﬁb’(z’)}
A-1
[0096] To enhance accuracy, similar to Eq. (15), the inte-

grals with K¥ K instead of V,in Eqgs. (18) and (19) is obtained
by using the second-order interpolation for the projected-
space perturbed wave ®(z), and analytic integrations are car-
ried out for second part of the integrand in Eq. 37, and finally
we can obtain the following Egs. (40) and (41). In a similar
way as in the TE mode TE mode, Il and IP W(z,_, ) are used for
even-numbered layers, and I and W(z;) for odd-numbered
layers.

Zj Eq. 40
f dZ8, [ W0 (@) = & 40
z

i1
GV () + GRBNIY e
Zj
f 478, [1EWVi0, 12 =
Zj1
G52](+)qu‘(2j) + G52][B](I)(+)qu‘(2j)
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-continued
Yo , Eq. (41
f 470, g5 Vidy ¥ () = &
Zj-1
GOV (z;_y) + GRIBIINO Y )
Zj s — s s
f dz 9, g;(Z)V,;0,¥,(2) =
Zj 1
GOV 2y + GEIEINOY iz )
where
GBI (1 + FruR)e?? —Fu Eq. 42)
G0 | Tl uRed _y oW
i i
GlAI) —(1 + FuR)e2 QWA 4 pyowiAlo) Eq. (43)
[G[Alm(—)]_ :[ —uReRd QWA 4 yOWIAIE) ]
4
Eq. (44)

GlAIH 1 +7‘uR)eQdQW[A](+) +7.qu[A](*)
G- | uRe% QWA 4 yoWtAl)
Jj

[0097] With these integration formulas. Eq. (38) is eventu-
ally calculated as follows:

‘ Eq. (45)
D) - D (zL) = 3 IO KV,K + AV I0(z)) +
=1
=1
[OF KV K + 877V |0y +
j=0
= 2

i KVisaK + 57V |0, +
Fo

1l

2. (8 kv

=2

11<+A,J 1@z +

L
IO KVK + A V1) +
=i

-1

Z ek

Viel K+ 5 Vi [d(z) +

[@U Vi + KV |0 +

L
> [0 KV K + A v, )
)

where the concrete forms of A ](") A ), A, ), A ™ are
different for even 1 and odd 1. Meanwhlle forl L Eq 39
becomes

L Eq. (46)
B(z) = D(zr) = 3 [OF KV, K + ALV J0(z;) +
=1

l‘

~1
[@LJ Vi K + B Vi o) +

.
i
=3

L-2 L

~(+) Fal A(+)
§ [B KVjsaK + &5 Vina | 0(z)) + § 0, KV, 1¥(z))
=0 =
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[0098] Inthe case of odd L, as in the TE mode, by consid-
ering that one layer is added to (I.-1) layers, the second-order
interpolation method can be applied. Similarly to the TE
mode calculation, a system of linear equations for the dis-
cretized projected-space perturbed magnetic field ®(z,) in the
TM mode can be obtained as follows:

X=X GV 4GV + G+ GV HV+HV+HV+AV]X, Eq. (47)

to where @(z,) and ®(z,) are column vectors of dimension
L+1 with layer components ®(z,) and ®°)(z,), respectively,
still being column vectors of dimension (2L+1) with coupled-
wave basis components. G, 6, &, G are as defined in TE
mode. H, H, H, H are square matrices with (L+1)? layer
components, each layer component being square matrices
with (2L+1)* components on a coupled-wave basis, and the
square matrices V, V, ¥, V having (L+1)? layer components
are essentially constructed from the perturbation potential
V(z,) having components (2L+1) in coupled-wave space.
[0099] Once the layer components of the TE mode electric
field W(z,) and the TM mode magnetic field ®(z,) are deter-
mined, the reflectance or transmittance of the virtual periodic
structure (2004) illustrated in FIGS. 6 and 7 can be calculated
by the method described in Korean Patent No. 10-0892486.
[0100] Theabove-described calculated reflectance or trans-
mittance of each of the TE mode and the TM mode is com-
pared with the measured reflectance or transmittance. The
comparison results can be applied to the nondestructive
analysis of various periodic structures, for example, holo-
graphic grating structures, surface relief and multilayer grat-
ing structures, plane dielectric or absorptive holographic grat-
ing structures, random sectional dielectric and absorptive
surface relief grating structures, two-dimensional surface
relief grating structures, and anisotropic grating structures. It
is to be understood that the scope of the invention is not
limited to the disclosed embodiments.

Comparison of Computation Time with Green
Function Method with the First-Order Interpolation

[0101] With a periodic structure illustrated in FIG. 8, accu-
racy can be investigated. FIG. 8 is a sectional view of the
geometrical formation of an exemplary virtual periodic struc-
ture in accordance with an embodiment of the present inven-
tion. FIGS. 9 to 12 are graphs illustrating results from the
principal order reflectance of a virtual periodic structure cal-
culated by the RCWA method, the Green function method
with the first-order interpolation, and a method according to
the present invention, i.e., the Green function method with the
second-order interpolation.

[0102] The ridge region (stacked on a quartz substrate) of
the periodic structure illustrated in FIG. 8 is composed of a
single substance of chromium. The period A of the periodic
structure is 600 nm, and the width and depth of the chromium
ridge are both 300 nm. FIGS. 9 to 14 are graphs illustrating
results from the principal order reflectance of a virtual peri-
odic structure calculated by the RCWA, the Green function
method with the first-order interpolation, and a method
according to an embodiment of the present invention.

[0103] FIGS. 9 to 14 are to examine the accuracy in accor-
dance with an embodiment of the present invention, and the
reference data for comparison in FIGS. 9 to 14 was obtained
from a simulation by the RCWA method with the number of
Fourier components N=81 which is large enough for the test
sample of FIG. 8. What is compared in the present example is
the difference in computation speed between the calculation
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by the existing Green function method based on the linear
interpolation and that by the embodiment of the present
invention. This comparison, on one hand, should be done
under the same accuracy conditions.

[0104] On the other hand, this comparison is also possible
by comparing accuracy under the same layer number condi-
tion, for enhancement of computation speed by deducing the
number of layers, at the same time, is accompanied by a larger
error. Therefore, in order to see that the method by the
embodiment of the present invention provides better method-
ology, the error will be compared below. Ellipsometric
method is chosen as a typical example among various optical
measurement methods. Therefore, the error formula used for
comparison is given as:

2N Eq. (48)

1 %—%2
error = WZ( v ) S

i=1

where W, denotes the values of ¥ and A in ellipsometry
obtained from the simulation by the Green function method
and W, denotes those obtained by the RCWA method with
high precision.

[0105] First, through FIGS. 9 and 10, the comparison of
results by the existing Green function method and by the
embodiment of the present invention is examined.

[0106] FIGS. 9 and 10 show the result of calculations with
10 divided layers as for the structure illustrated in FIG. 8. The
solid lines denote the values for the corresponding quantities
calculated by the RCWA method with high precision, the
dotted lines in FIG. 9 denote the graphs of ¥ and A with
respect to wavelength by the existing Green function method,
and the dotted lines in FIG. 10 denote those by the embodi-
ment of the present invention.

[0107] As may be seenin FIG. 9, a significant difference is
found between the calculations by the existing Green func-
tion method and the RCWA method with high precision. The
error calculated using Eq. (48) was 4.7834E-3.

[0108] On the contrary, as may be seen in FIG. 10, the
difference between the calculations by the embodiment of the
present invention and the RCWA method with high precision
becomes smaller. The error was 6.4878E-4, which is a
reduced by one order of magnitude.

[0109] As a consequence, in accordance with the embodi-
ment of the present invention, the calculated values by the
second-order-interpolated Green function method, with a
small number of divided layers and a small error, approach
the real values.

[0110] Using FIGS. 11 and 12, the results of the existing
Green function method and by the embodiment of the present
invention are compared again.

[0111] Differently from FIGS. 9 and 10, FIGS. 10 and 11
show the result of calculations with 20 divided layers as for
the structure illustrated in FIG. 8. As in FIGS. 9 and 10, the
solid lines denote the values calculated by the RCWA method
with high precision, the dotted lines in FIG. 11 denote the
graphs of W and A with respect to wavelength by the existing
Green function method, and the dotted lines in FIG. 12 denote
those by the embodiment of the present invention, which is
the second-order-interpolated Green function method.
[0112] The existing Green function method, of course,
reduced the error when the number of the divided layers was
changed to 20 from 10, as may be seen in FI1G. 11. In this case,
the error was calculated as 8.618E-4.
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[0113] On the contrary, when the number of the divided
layers L was 20, the embodiment of the present invention
gave almost the same results as the RCWA calculation, as
may be seen in FIG. 12. The error obtained using Eq. (55) was
5.3909E-6. That is, with the same number of layers, the
embodiment of the present invention yielded a significantly
improved error value by a factor of 100.

[0114] To reach the same error value as in FIG. 12 with the
existing Green function method, the periodic structure in
FIG. 8 should be divided into 85 layers. The comparison of
the computation time under the same error condition was 32.8
(existing Green function method):1.5 (embodiment of
present invention). Therefore, in accordance with an embodi-
ment of the present invention, in calculations in which a
prescribed error should demanded, the Green function
method with the second order interpolation is more efficient
than the existing Green function method.

[0115] This point is illustrated in FIGS. 13 and 14 in more
detail.
[0116] The x-axis and y-axis in FIG. 13 denote error and

elapsed time, respectively. In FIG. 14, the x-axis and y-axis
denote the number of divided layers and the ratio of error,
respectively. In FIGS. 13 and 14, the solid line is for the
existing Green function method and the dotted line is for the
embodiment of the present invention.

[0117] In the case in which the number of layers is small,
the elapsed time by the embodiment of the present invention
is longer than for the existing Green function method.
[0118] However, because it is meaningless to only reduce
time without an investigation of accuracy, it is desirable to
compare the computation time under the same error condi-
tion. As can be seen in FIG. 13, if the allowable error is
1.00E-5, which is generally accepted, the Green function
method in accordance with the embodiment of the present
invention has a merit of significantly reducing the computa-
tion time in the calculation with the same error.

[0119] Meanwhile, in FIG. 14, because the calculation by
the embodiment of the present invention allows a small num-
ber of divided layers in a case where the same ratio of error is
required, another advantage is realized of having fewer added
terms relative to the existing Green function method.

[0120] Putting this together, compared with the existing
Green function method, the embodiment of the present inven-
tion has sufficient accuracy in calculation even with a small
number of layers, and reduces the elapsed time significantly
in calculation with the same error. Therefore, it can be used
for in-situ monitoring in a real manufacturing process.
[0121] The invention has been described using preferred
exemplary embodiments. However, it is to be understood that
the scope of the invention is not limited to the disclosed
embodiments. On the contrary, the scope of the invention is
intended to include various modifications and alternative
arrangements within the capabilities of persons skilled in the
art using presently known or future technologies and equiva-
lents. The scope of the claims, to therefore, should be
accorded the broadest interpretation so as to encompass all
such modifications and similar arrangements.

What is claimed is:

1. A nondestructive analysis for a periodic structure, com-

prising steps of:

(a) illuminating a real periodic structure and measuring at
least one physical property related to reflectivity or
transmittance of the real periodic structure in response to
the illumination;

(b) calculating at least one physical property related to at
least one of reflectivity or transmittance of a virtual
periodic structure in response to the illumination,
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by setting the virtual periodic structure having a
repeated shape, one-dimensionally, two-dimension-
ally or three-dimensionally and at least a horizontally
repeating period,

by dividing the virtual periodic structure into vertically
stacked N layers,

by defining a zero-th order structure and a perturbed
structure from the virtual periodic structure, said per-
turbed structure being obtained by geometrically or
physically changing the zero-th order periodic struc-
ture in a perturbation region,

by calculating the zero-th order reflected or transmitted
wave when light is incident on the zero-th order struc-
ture,

by discretizing the Lippmann-Schwinger equation using
M-th order interpolation (2=M=N) with at least one
divided layer of the virtual periodic structure,

by calculating the perturbed reflected or transmitted
wave from the discretized Lippmann-Schwinger
equation, and

by calculating the perturbed reflectivity or transmittance
from the zero-th order reflected or transmitted wave
and the perturbed reflected or transmitted wave; and

(c) comparing the at least one physical property related to
the reflectivity or the transmittance being measured in
the step (a) with the corresponding at least one physical
property related to the at least one of reflectivity or

transmittance being calculated in the step (b).

2. The method of claim 1, wherein the step (b) further

comprises steps of: partitioning the N layers of the virtual
periodic structure into X sections (1=X=(N-1)), and dis-
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cretizing the Lippmann-Schwinger equation using Mi-th
order interpolation (1=Mi=N) with the partitioned sections.
3. The method of claim 2, wherein at least one of the
partitioned sections has different number of layer from other
sections.
4. The method of claim 1, wherein the reflectivity or trans-
mittance is that of other detectable diffraction orders as well
as the principal order (zero-th order).
5. The method of claim 1, wherein the surface of virtual
periodic structure has a substance outside the layer, said the
substance being a gaseous, liquid, or solid phase.
6. The method of claim 1, wherein the virtual periodic
structure is allowed to have at least one surface layer, and the
surface layer includes at least one of a layer selected from the
group consisting of an oxide layer, a coating layer, or a surface
roughness layer.
7. The method of claim 1, wherein the physical properties
are related to amplitude or phase of a reflected wave or a
transmitted wave of an incident wave.
8. The method of claim 1, wherein the step (b) further
comprises steps of:
expanding perturbation potential in each divided layer in a
Fourier series; and

applying the M-th order interpolation formula for the per-
turbed wave to the reflected or transmitted wave in each
divided layer separately according to the layer index.

9. The method of claim 1, wherein the virtual periodic
structure is divided into N layers with at least two different
heights.



